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ABSTRACT 

The XMM-Newton Serendipitous Ultraviolet Source Survey (XMM-SUSS) is a cat- 
alogue of ultraviolet (UV) sources detected serendipitously by the Optical Mon- 
itor (XMM-OM) on-board the XMM-Newton observatory. The catalogue contains 
ultraviolet-detected sources collected from 2 417 XMM-OM observations in 1-6 broad 
band UV and optical filters, made between 24 February 2000 and 29 March 2007. 
The primary contents of the catalogue are source positions, magnitudes and fluxes 
in 1 to 6 passbands, and these are accompanied by profile diagnostics and variability 
statistics. The XMM-SUSS is populated by 753 578 UV source detections above a Scr 
signal-to-noise threshold limit which relate to 624049 unique objects. Taking account 
of substantial overlaps between observations, the net sky area covered is 29-54 deg^, 
depending on UV filter. The magnitude distributions peak at toab = 20.2, 20.9 and 
21.2 in UVW2 (Ae// = 2120A), UVM2 (Ae// = 2310A) and UVWl (Ae// = 291GA) 
respectively. More than 10 per cent of sources have been visited more than once us- 
ing the same filter during XMM-Newton operation, and > 20 per cent of sources are 
observed more than once per filter during an individual visit. Consequently, the scope 
for science based on temporal source variability on timescales of hours to years is 
broad. By comparison with other astrophysical catalogues we test the accuracy of the 
source measurements and define the nature of the serendipitous UV XMM-OM source 
sample. The distributions of source colours in the UV and optical filters are shown 
together with the expected loci of stars and galaxies, and indicate that sources which 
are detected in multiple UV bands are predominantly star-forming galaxies and stars 
of type G or earlier. 

Key words: astrometry - catalogues - galaxies: photometry - stars: general - ultra- 
violet: general. 



1 INTRODUCTION 

One of the instruments carried by the European Space 
Agency's XMM-Newton satellite is the Optical Monitor, an 
ultravio let /optical telescop e with a 30cm diameter primary 
mirror (|Mason et al.l l200ll 'l. While its main rationale is to 
provide complementary data to those from the X-ray in- 
struments, and in particular to create a simultaneous multi- 



wavelength capability to constrain spectral energy distribu- 
tions, XMM-Newton Optical Monitor (XMM-OM) is a capa- 
ble instrument in its own right. With a field of 17x17 arcmin^ 
and a full width half maximum of the point spread function 
of less than 2 arcsec over the full field of view, XMM-OM 
provides a powerful UV survey capability over much larger 
fields than is possible with the Hubble Space Telescope UV 
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instrumentation, and at a finer s patial sam pling than pro- 
vided by the GALEX satellite (Martin et al.ii2005i' ). 

A UV survey capability for XMM-OM was envisaged 
at the inception of the instrument concept in 1988, and the 
UV filter choice and observation strategies were planned to 
maximise the UV survey science return. At that time, in 
addition to sounding rocket observations, UV photometric 
surveys had be en carried out by t he Orbiting Astro nomical 
Observatory 2 JCode et al.lll970l: iDavis et al-lflOT^ '). TD-1 
(|Boksenberg et al.lll973l : Ide Jager et all IQT^I and the As 



tronomical Netherlands Satellite ( van Duinen et ahl 1 19751 ) 



The y were augmented b y other surv eys including from Sky- 
lab jHenize et al.lll975h. Apol lo 16 ((Carrutherdil973h and 



Avollo n iHenrvet atl 119751 ). These had provided first 



generation views of the UV sky. W hile the lUE satellite 
launched in 1978 l|Boggess et al.|[l978h carried out more than 
10^ UV spectroscopic observations over a period of 17 years, 
the imaging, and therefore large-scale knowledge of the UV 
sky remained surprisingly limited. 

During the 1990s, a broader but still limited view 
of the UV sky was achieved using imagers on the Space 
Shuttle (FAUST, Bowyer et al, 1993, UIT, Stecher et al, 
1997), and then much more detailed views using HST, ini- 
tially with the Faint Object Camera (jAlbrecht & Jakobsen' 
|200^). followed by th e Wide Field and Planetary Camera 2 
dTrauger et~al]| 19941) the S pace Telescope Imaging Spectro- 
graph Jximble et al.l 1998t) . the Advanced Camera for Sur- 
vey (ISirianni et all l2005h and the Wide Field Camera 3 
l|MacKentv et al.l l2010l). 

XMM-Newton with XMM- OM was launched in 1999, 
followed in 2003 by GALEX (jMartin et al.l |2005| ) and in 
2005 by Swift with its Ultraviolet and Optical Telescope 
l|Roming et al.ll2005l . UVOT), of a similar design to XMM- 
OM. The imaging passbands of XMM-OM and GALEX are 
given in Table [T] the UVOT on Swift has similar passbands 
to XMM-OM. The era of large-scale UV surveys to faint 
limiting magnitudes had arrived. GALEX in particular has 
sampled nearly the full sky, outside of the Galactic plane, 
through two broadband filters covering the near-UV and far- 
UV respectively. 

This paper describes the XMM-Newton Serendipitous 
Ultraviolet Source Survey (XMM-SUSS), an electronic cat- 
alogue of UV sources detected serendipitously by the XMM- 
OM. The catalogue contains ultraviolet source detections 
collected from 2 417 XMM-Newton observations made be- 
tween 24 February 2000 and 29 March 2007. Taking account 
of substantial overlaps between observations, the net sky 
area covered ranges from 29 to 54 deg'^ depending on UV 
filter. The primary content of the catalogue is source posi- 
tions and photometry in up to 3 UV filters and 3 optical 
filters for 624 049 unique UV sources. This is accompanied 
by spatial extent and variability diagnostics. 

With respect to the GALEX All-sky Imaging Survey 
(AIS) and Medium Imaging Survey (MIS), the XMM-SUSS 
covers a much smaller sky area, reaching magnitudes inter- 
mediate between the AIS and MIS, but has finer photomet- 
ric sampling in wavelength, better morphological discrimi- 
nation, and less susceptibility to source confusion. The lat- 
ter point, which is a consequence of the XMM-OM having a 
much finer instrumental point spread function than GALEX 
(FWHM ^ 2 arcsec compared to 4-5 arcsec; see Table [l|, is 
particularly important for the fidelity of the XMM-SUSS in 



crowded regions such as the Galactic plane and Magellanic 
Clouds. The XMM-SUSS also has the advantage that the 
UV observations were obtained simulaneously with sensitive 
X-ray imaging, the source content of which is easily a ccessi- 
ble through the 2XMM catalogue (| Watson et al.ll2009l ). Fur- 
thermore, many of the XMM-SUSS sources were observed 
more than once per filter during an XMM-Newton obser- 
vation and/or through multiple XMM-Newton visits. Con- 
sequently, the scope for science based on temporal source 
variability on timescales of hours to years is broad. 

XMM-SUSS is a release originating from the XMM-OM 
instrument team on behalf of ESA and coordi nated with the 
XMM -Newton Science Survey Centre (SSC, IWatson et"aLl 
[iooj). An alternative, independent catalogue of XMM-OM 
sources (OMCat), based on an earlier version of the J'CMM- 
Newton Science A nalysis Software (SAS), is described in 
iKuntz et al] (|2008l ). Since 2008, the XMM-SUSS has been 
available from the XMM-Newton Science ArchivsQ, NASA 
HEASARCB the XMM-SUSS project pagetEl and through 
the VO inter faces. An initial a nnouncement of the catalogue 
was made in lStill et all l|2008l ). 

This paper is laid out as follows. The instrumentation 
and data selection are described in Section [5] and the data 
processing is described in Section|3] In Section|4]we describe 
the tests which were carried out to check the quality and re- 
liability of the catalogue. The properties of the catalogue 
are described in Section [5] A brief description of the differ- 
ences between the XMM-SUSS and the OMCat is provided 
in Section |6] Known issues wih the XMM-SUSS, and our 
plans for future development are described in Section[7] Our 
conclusions are presented in Section [S] Testing and valida- 
tion of the source detection algorithm used for XMM-SUSS 
are given in Appendix A. Details of the quality fiagging al- 
gorithms are given in Appendix B and a list and description 
of the columns in the XMM-SUSS source table are given in 
Appendix C. 



2 INSTRUMENTATION AND DATA SAMPLE 

2.1 The XMM-Newton Optical Monitor 

The XMM-OM is a 30-cm optical/UV telescope of a modi- 
fied Rit chey Chretien desig n, coaligned with the X-ray tele- 
scopes l|Mason et al.l 120011 ). From the primary mirror, in- 
coming light is refiected via the secondary mirror onto a 
rotatable, flat mirror which directs the beam onto one of 
two identical filter wheel and detector assemblies. 

Each of the XMM-OM detectors consists of a photon- 
counting micro-channe l plate (MCP) inte nsified Charge 
Coupled Device (CCD) l|Fordham et al.ll 19891 ). Incident pho- 
tons eject electrons from a multi-alkali (S20) photo-cathode, 
optimized to UV and blue wavelengths, which are am- 
plified by a factor 10® in number using MCPs in se- 
ries. These electrons strike a phosphor screen, the pho- 
tons from which are fed to the CCD via a fibre-optic ta- 
per. By centroiding the photon cascade on the CCD, the 



^ http://xmm.esac.esa.int/xsa/ 
^ http://heasarc.gsfc.nasa.gov 

^ http://www.mssl.ucI.ac.uk/www_astro/XMM-OM-SUSS 
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sky positions of incident photons are determined by on- 
board software to a degree of precision which is much 
higher than the physical CCD pixel size. An image is 
constructed in real time on-board which subsamples the 
CCD array by factor 8, providing data of 2048 x 2048 pix- 
els of size 0.476 x 0.476 arcsec^. The onboard centroid- 
ing gi ves rise to a low-level modulo-8 fixed-pattern distor- 
tion iKawakami et all 1 19941 ) which is routinely corrected 
in the ground processing. The detector response is linear 
when the arrival rate of events per photon-cascade resolu- 
tion elemen10 is significantly below the CCD readout frame 
rate, typically 90-140 s~^. At higher count rates, the detec- 
tor response is non-linear, an effect known as coincidence- 
loss (|Fordham. Moorhead fc Galbraithlbood ). This effect be- 
comes significant (~ 10 per cent) at around 0.1 counts per 
frame (typically corresponding to sources of 2.3 - 2.8 mag- 
nitudes brighter than the zeropoints listed in Table [1]). It 
is corrected for during ground processing, but as sources 
approach saturation (approximately 5.5 - 6 magnitudes 
brighter than the zeropoints listed in Table[l| the photomet- 
ric measurement errors become larger , rather than smaller, 
with count rate l|Kuin fc RosenI [20081 ) . At very high count 
rates, centroiding of multiple, overlapping photon splashes 
in each frame causes the point spread function to become 
distorted, and bright sources are surrounded by regions of 
coincidence-loss-induced modulo-8 noise which cannot be 
corrected in ground processing. 

The detector design results in zero readout noise and a 
low level of dark noise. Above the Earth's atmosphere the 
small aperture of the XMM-OM is compensated by its UV 
sensitivity and the absence of atmospheric extinction and 
diffraction. Sky background is dominated by diffuse zodia- 
cal and Galactic light. XMM-OM is therefore well-suited to 
detecting faint sources. CCD pixel-to-pixel sensitivity varia- 
tions are unimportant, cosmetic CCD defects cause few im- 
age defects, and large scale sensitivity gradients are small. 
Cosmic rays are discriminated and eliminated on board. 

Both the position and arrival time of photons are 
recorded on-board. Non-dispersive observations can be per- 
formed in two modes, IMAGING mode (with no recorded 
photon arrival times) and FAST mode, which time-tags 
each photon. IMAGING mode provides the largest field-of- 
view available at the expense of timing information. The 
largest image available is 17x17 arcmin'^, although com- 
monly smaller windows are used to either tailor an observa- 
tion to specific science goals or to meet telemetry or onboard 
storage limits. The allowed exposure times of IMAGING 
mode exposures range from 800 s to 5000 s. FAST mode 
can be achieved within the onboard memory budget only if 
the window is small, typically 10.5 x 10.5 arcsec^. IMAG- 
ING mode data are typically obtained in parallel during 
FAST mode observing. The majority of IMAGING data are 
binned 2x2 onboard to 1" x 1" image pixels. In most cases 
the full field of view is sampled during an observation in at 
least one filter, either using a full-frame IMAGING mode or 
by mosaicing smaller IMAGING wi ndows obtain e d in s eries. 
Modes are discusseed more fully in lMason et~all (120011 ) and 
lEhle et al.l (|2008l ). 



* the group of physical CCD pixels containing a photon splash, 
as distinct from the image resolution 
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Figure 1. Effective areas of the XMM-OM pass bands (solid- 
lines) together with those of GALEX (dashed-lines). The small 
peak at 4760A is part of the U filter response. The sharp cutoff in 
the UVW2 pass band is due to the materials used in the optical 
elements rather than the filter itself. 

XMM-Newton's 48h orbit allows for long, uninterrupted 
pointings of science targets. The XMM-OM typically takes 
multiple exposures of the same field through several filters, 
sometimes with a sequence of differing IMAGING mode 
windows in order to cover the full field of view. Individ- 
ual sources are often recorded more than once through the 
same filter where either sub-windows overlap or exposures 
are repeated. 

There are seven imaging filters mounted in the XMM- 
OM filter wheel together with two grisms for low-dispersion 
spectroscopy. One of the filters, WHITE, transmits over 
the full XMM-OM bandpass (I8OO-8OOOA) to maximise 
throughput. The remaining filters in the order of increasing 
central wavelength are called UVW2, UVM2, UVWl, U, B 
and V, where the final three filters cover similar wavelength 
ranges to the Johnson UBV set Ijjohnson fc Mor gan 1951j). 
The effective areas of the XMM-OM imaging passbands are 
shown in Fig. [T] together with those of GALEX. Although 
not visible in Fig. [Jl the response curves of the UVW2 and 
UVM2 filters extend beyond 3000A into the optical range, 
and the UVWl response curve extends beyond 4100A, albeit 
with very low throughput (< 0.1 cm^). The basic properties 
of the XMM-OM passbands are listed in Table [U 

2.2 Data selection 

The XMM-SUSS is derived from 2 417 XMM-Newton obser- 
vations obtained between 24 February 2000 and 29 March 
2007, all of which are publicly available in the XMM-Newton 
science archive. Because the XMM-SUSS is a catalogue of 
UV sources, only those XMM-Newton observations which in- 
clude at least one XMM-OM exposure through the UVW2, 
UVM2 or UVWl filters were considered for the catalogue. 

The catalogue is constructed entirely from data taken 
in IMAGING mode. FAST mode data are excluded because 
of the small window size. Similarly, 2x2 arcmin^ unbinned 
central windows of the default imaging configuration are ig- 
nored, although note that in the majority of observations, 
the central region is also recorded as an 8 x 8 arcmin^ image 
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Table 1. Characteristics of the XMM-OM imaging passbands. The corresponding numbers for the GALEX FUV and NUV passbands 
are given for comparison; Swift UVOT has similar passbands to XMM-OM. The wavelength ranges are for an effective area > 10 per 
cent of peak. Note that U filter has a small additional region of sensitivity around 4760A in addition to the wavelength range given below 
(see Fig.ni. Fluxes in the X MM-SUSS correspond to the effective wavelengths listed. The corresponding numbers for GALEX are taken 
from iMorrissev et ahl ||2007| '|. 
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which is included within the catalogue sample. Data taken 
with the WHITE filter provide very limited colour informa- 
tion and so are not utilised for the catalogue. Grism data are 
not used for the catalogue because of the different nature of 
the dispersed data and to avoid the source confusion within 
the grism fields. 

The pointing of XMM-Newton is usually good to 3 arc- 
sec. Boresight positions of each field are corrected by com- 
parison of XMM-OM sources with the USNO-Bl.O cata- 
logue, although a minimum number of source detections are 
required to perform the correction accurately. Images were 
not used for the catalogue if they contain < 5 source detec- 
tions, if the RMS residual between matched source positions 
and their USNO-B counterparts is > 1.5 arcsec, or if the la 
error in the computed boresight correction is > 1.0 arcsec 
in either the right ascension or declination directions. 

Both the source detection algorithm and aperture pho- 
tometry become increasingly uncertain in crowded fields ow- 
ing to source confusion and the lack of background mea- 
sures. Images were excluded from the catalogue if they had 
a detected source density > 35 arcmin"^, corresponding to 
10 000 sources within a full-frame image. The majority of 
fields excluded by this criterion are U, B and V observa- 
tions of the Galactic plane and Magellanic Clouds. 

Finally, mosaiced images for each field were inspected 
visually for obvious problems. Images which were dominated 
by large scattered light features from bright, off-axis sources, 
those with evidence of telemetry corruption, and those which 
showed signs of spurious attitude drift were excluded from 
the catalogue. The distribution of exposure times of the im- 
ages which were used for the XMM-SUSS, by bandpass, are 
shown in Fig. [5] 



3 DATA PROCESSING 

The data were processed using software tasks from the 
XMM-Newton SAS version 8.0. A number of improvements 
to the SAS, in particular to the source detection task OMDE- 
TECT, were driven by the development of the XMM-SUSS 
and are implemented in the public release of the SAS (ver- 
sions 8.0 and higher) so that source lists of comparable qual- 
ity to the XMM-SUSS are generated by the standard XMM- 
Newton pipeline and distributed as pipeline products, or can 
be produced by members of the scientific community as re- 
quired. Of the procedures described in this section, only the 
merging and concatenation of the source lists for the cata- 




lODO 2D0D 30D0 400D 5DD0 1000 2000 3000 4000 5000 1000 ZOOO 5000 4000 5000 



Exposure time [s] 

Figure 2. Exposure times of the XMM-OM images used to con- 
struct the XMM-SUSS, split by filter. 



logue (Section lS.lOp is carried out outside the standard suite 
of SAS tasks. 



3.1 Raw data 

A description of the raw XMM-OM data deliv- 
ered by the XMM-Ne w ton s pacecraft is available in 
iGuainazzi fc Santos-Lledl (|2004l ). Spacecraft pointing his- 
tory from independent on-board star trackers is telemetered 
down with the XMM-OM data. The XMM-OM also records 
tracking history data from its own dedicated tracking mode 
windows. 

Data required to convert the brightness, position and 
extent of detected XMM-OM sources from detector units 
to physical units have been calibrated by the XMM-OM In- 
strument Team and are stored in the XMM-Newton Current 
Calibration File, which is accessible from the XMM-Newton 
Science Operations Centre web page^. The curre n t stat e 
of the XMM-OM cafibration is given by iTalaveral l|201lf ). 
All raw data employed to construct the XMM-SUSS catalog 
are in the public domain and can be downloaded from the 
XMM-Newton Science Archive. 



^ http://xmm.esac.esa.int/ 
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Figure 3. Tiio two images above contain tlie same exposure taken 
of a featureless laboratory calibration source. The image on the 
left was the one delivered by the instrument where the uniform 
background allows us to easily identify the modulo-8 pixel fixed- 
pattern structure. The image on the right is the same data after 
the fixed-pattern has been corrected. The dark area of the image 
is a dead CCD pixel. 

3.2 Bad pixels 

No attempt is made to correct or interpolate over damaged 
or contaminated detector pixels. Positions of pixels which do 
not image the sky (at the corners of the array) and detec- 
tor defects (Fig. [S} are instead recorded within the Current 
Calibration File. Bad pixels are masked from photometric 
measures, and sources including bad pixels are flagged as 
having additional unquantified uncertainties associated with 
their brightness and location. It is left to the catalog user's 
discretion whether to include or exclude such sources from 
their data samples. 

3.3 Bias, dark-current and spatial response 
variations 

Owing to the photon-counting nature of the detector, there 
is no CCD bias level to subtract from images. The dark count 
rate is below 5xl0~* counts s~^ pix~^ and varies across the 
detector by < 10 per cent. Therefore dark counts make only 
a small contribution to the background compared to the zo- 
diacal light, and no attempt is made to separate these two 
background components within the data processing. Source 
and background extraction regions are small and from the 
same image locale, and hence the variation of the dark cur- 
rent over the detector is not a significant factor for source 
extraction. To within measurement uncertainties, the sensi- 
tivity is uniform (to within 5 per cent) with spatial position 
over the detector, and hence no correction is applied for spa- 
tial sensitivity variations. 

3.4 Fixed-pattern image structure 

As described in Section 12.11 the onboard event centroiding 
leads to a modulo-8 fixed pattern structure on the raw im- 



ages, with a peak to peak amplitude of typically 10-20 per 
cent (see Fig. [Sjl . It should be noted that because the pat- 
tern originates from the centroiding process, it is a distor- 
tion in the positioning of counts only, and is therefore flux- 
conserving. The pattern repeats on a 4 arcsec scale (the CCD 
pixel size), so it is larger than the point source FWHM, but 
smaller than the generic 5.7 arcsec radius point source and 
7.5-12.2 arcsec background apertures used to generate cata- 
log photometry (see Section [311]). The amplitude and precise 
structure of the mod-8 pattern vary slowly over the detector. 

Dividing out the mod-8 pattern or Fourier-filtering to 
remove it would not conserve flux and would therefore bias 
the catalogue photometry. The approach is therefore to mea- 
sure the amplitude and form of the structure within a cell 
of dimensions 16x16 CCD pixels (or 64x64 arcsec^), which 
slides over the image in order to account for variations due 
to detector position and local count rates. At each step, the 
mean background value is calculated with pixels containing 
sources and cosmetic defects discarded using an iterative 
clipping algorithm if they deviate from the mean by ±6cr. 
The assumption is made that the remaining fixed pattern 
does not vary across the cell before the pixels are resized 
individually so that the background is rendered statistically 
uniform. After the sliding cell has passed over the full im- 
age, the image is resampled so that pixel sizes are once again 
uniform. The process has the effect of redistributing a small 
fraction of photons between neighbouring pixels in order to 
reverse the residual errors in the on-board centroiding and 
minimise the fixed-pattern, while retaining photometric ac- 
curacy. 

Image backgrounds must be bright enough to provide 
meaningful statistics within the sliding cell, otherwise the 
fixed-pattern correction becomes Poisson noise-dominated. 
In such cases the background level is too low for the fixed- 
pattern distortion to have any significant impact on the de- 
tection or measurement of sources. Therefore if a cell con- 
tains <1000 counts, corresponding to a sensitivity limit of 
25 per cent peak-to-peak pattern structure, the correction 
is not performed. This situation occurs most frequently in 
short UV exposures. 

3.5 Source detection 

Source detection is performed in raw detector coordinates 
in order to simplify the quality flagging. Quality issues such 
as readout streaks, diffraction spikes and smoke rings (see 
Section FS.Q.SI) are most easily diagnosed and kept track of in 
detector coordinates before rotating, undistorting and trans- 
lating the image to sky coordinates. The measured detector 
coordinates of each source are transformed to sky coordi- 
nates in a subsequent process. 

There are a large number of astronomical software pack- 
ages for performing source detection on optical images, and 
most either locate sources by searc hing for loca l maxima, 
or by a thresholding process (see iDrorvl [20031 ). The for- 
mer method is usually the most efficient way to detect point 
sources, whilst the latter one is more suited for extended 
sources. Because of the large range in OM image background 
values encountered (from <1 count per pixel in the UV to 
>400 counts per pixel in the optical) and issues specific to 
the OM images (e.g. scattered-light features, modulo-8 pat- 
terns around bright sources), OM images are reduced using 
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the SAS task OMDETECT, which uses both peak-finding and 
thresholding algorithms in order to detect both point and 
extended sources as efficiently and reliably as possible. De- 
tails of the testing and validation of the omdetect source 
detection algorithm are given in Appendix A. A brief outline 
of how it works follows. 

OMDETECT first constructs a background map and a 
noise map which are used to set the detection threshold. The 
background level at a particular pixel location is computed 
using the median value of the pixel values in a box 50 arcsec 
on a side, centred at that position, ignoring pixels which were 
above a certain height above a global median and using a 
simple clipping algorithm. Each pixel of the noise map is 
computed using the standard deviation of the pixel values 
used at that particular point in the background map. 

The sources on an image are detected in a number of 
stages. The first stage uses a peak finding algorithm to find 
mainly point-like sources. A list of all the pixels above a 
background threshold is obtained, and, in order of decreas- 
ing pixel value, each one is checked to see if it could be part 
of a point source. In checking the pixels in this order, point 
sources are generally detected in order of decreasing bright- 
ness and the detection of faint spurious sources in the wings 
of bright sources is largely overcome. A validation function 
is used which checks the profile shapes of sources for consis- 
tency with the point-spread function and image binning. If a 
source passes the validation tests, the pixels associated with 
it are identified and used to compute the position, FWHM 
of the major axis, FWHM of the minor axis and position an- 
gle using intensity-weighted moments (for more details see 
Section 14. 4p . The source is then classified as either point- 
like or extended from a comparison of the FWHM of the 
major axis with the FWHM of the point-spread function. If 
the FWHM of the major axis is larger than the FWHM of 
the point spread function by more than 3 times the major- 
axis FWHM uncertainty, the source is classified as extended; 
otherwise it is classified as point-like. The detection pro- 
cess is repeated a number of times using different validation 
functions and thresholds to find as many point sources as 
possible. Each validation function is fine-tuned to identify a 
particular kind of point source (e.g. very bright sources sur- 
rounded by a modulo-8 distortion, sources with one or more 
close neighbours, sources near an image edge). Few sources 
at this stage are classified as extended. 

The next stage is to locate extended sources, and for 
this purpose an image segmentation algorithm is used. A 
map of the pixels above a given height above the background 
map is obtained and the number of pixels within each clus- 
ter is checked to ensure that it lies within specified bounds; 
those clusters that do not are discarded. The remaining pixel 
clusters are examined using a validation function. The val- 
idation function carries out various checks (e.g. pixel ge- 
ometry, proximity to bright point sources, axial-ratio) and 
if the pixel cluster passes the checks its position, FWHM 
of the major axis, FWHM of the minor axis and position 
angle are computed using intensity-weighted moments. As 
in the previous stage, the source is classified as point-like 
or extended according to whether its major-axis FWHM 
exceeds the FWHM of the point spread function by more 
than 3(T. The process is repeated several times to find both 
large and small extended sources. A special validation func- 
tion is used to attempt to identify scattered light regions. 



Some of these features can be identified by their cirrus-like 
nature, which leads to a distribution of source pixels con- 
taining many holes, and by comparing the total number of 
holes to the total number of cluster pixels a decision is made 
whether or not the source is a scattered-light feature. If it is 
a scattered-light feature then these pixels are subsequently 
ignored. 

A final detection stage locates very faint point sources 
which may have been missed in the point-source detection 
stage for various reasons (e.g. there being too few pixels to 
compare the profile with that of the PSF). This uses the 
extended source detection algorithm with a special valida- 
tion function for faint sources. The image is first slightly 
smoothed to help locate faint, extended sources. At the end 
of the source-detection stage, if any large extended sources 
have been detected the background map is refined by inter- 
polating across these sources. Each large extended source is 
then re-examined to see if it can be split into two or more 
overlapping sources. 

After the source-detection passes, all sources are tested 
for credibility by the following criteria: the centroid of the 
source must be contained within the cluster of pixels asso- 
ciated with it; the significance of the source (i.e. the ratio of 
the source counts to the rms background fluctuation in the 
same aperture) must be > 3 when measured with a 5.7 arc- 
sec (12 unbinned pixel) radius aperture; if the significance in 
a 5.7 arcsec radius aperture is < 10 the source must also have 
a significance > 3 in a 2.8 arcsec (6 unbinned pixel) radius 
aperture. The next stage is to perform photometry on the 
sources. For each source, the photometry procedure which 
is applied depends on whether the source was classified as 
point-like or extended according to whether its major-axis 
FWHM exceeds the FWHM of the point spread function by 
more than 3a. 

3.6 Photometry of point sources 

Standard, unweighted aperture photometry is performed on 
each point source. Bad pixels recorded in the quality map 
(see Section I3.2|> are ignored during the pixel summation. 
The aperture is a circle of radius 5.7 arcsec (12 unbinned 
pixels), and the background is a 7.5-12.2 arcsec circular an- 
nulus. The size of the source aperture is chosen to allow 
accurate correction for coincidence loss (Section I2.1|l . The 
background annulus is adjusted slightly to ensure that the 
background aperture is 2 full binned-image pixels from the 
source aperture. If source apertures of neighbouring objects 
encroach upon either the background or source regions then 
all contaminated pixels are ignored in the aperture summa- 
tion. 

If the significance of an object is < 10 the source aper- 
ture is reduced in size to a 2.8 arcsec radius circle in order to 
improve the quality of the photometry. For sources with one 
or more close neighbours the aperture is also reduced in size 
as necessary to avoid overlapping source apertures, down to 
a minimum of 2.8 arcsec radius. Reduced-aperture source 
counts are corrected to their 5.7 arcsec equivalent using a 
curve-of-growth extrapolation of the calibrated point-spread 
function (PSF) for the appropriate bandpass, stored in the 
Current Calibration File. 

Before converting source counts to a physical magnitude 
or fiux scale it is necessary to correct for potential photon- 
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coincidence losses (Section 12. The brighter a source, the 
greater the level of coincidence loss. The efTect has been 
calibrated for point sources through observations of photo- 
metric standard fields. Coincidence loss distorts the point 
spread function at high countrates, so the calibration has 
been determined for apertures of a fixed size of 5.7 arcsec 
(12 unbinned pixel) radius, an aperture size which minimises 
the effect of the distortion on the measured count rate. The 
coincidence loss correction is therefore applied directly to 
the counts within these apertures, or for weak sources, to 
the counts after they have been adjusted to these aperture 
sizes. For the UVWl, UVM2 and UVW2 filters, the zero- 
points in the Current Calibration File are for a 16.5 arcsec 
aperture, and so for these filters a further curve-of-growth 
correction is now applied to obtain count rates in a 16.5 
arcsec aperture. 

The XMM-OM has a time-dependent sensitivity vari- 
ation owing to gradual photocathode degradation. This is 
calibrated by the XMM-OM instrument team using regu- 
lar calibration observations and it is recorded in the Cur- 
rent Calibration File. Correction of the source counts for the 
time-dependent sensitivity variation is performed after the 
coincidence-loss and aperture corrections. Finally, the source 
counts are converted to magnitudes and flux densities using 
the zero points and conversion factors stored in the Current 
Calibration File. Photometric uncertainties are calculated as 
Poisson errors, scaled by the same factors (coincidence loss, 
aperture correction and time-dependent sensitivity) as the 
source counts. The photometric uncertainties do not include 
systematic terms related to uncertainties in the coincidence 
loss or photometric calibration. 

3.7 Photometry of extended sources 

The aperture for extended source photometry is source- 
dependent and irregular, containing all pixels associated 
with the object during the source detection operations. All 
clustered pixels > 2a above the background are considered 
to be the same source. Bad pixels recorded in the quality 
map (Section 13. 2p are ignored during the pixel summation. 
The background level is determined from the background 
image produced during the source detection process (Sec- 
tion [33}. 

Coincidence losses are calculated for each individual 
pixel using a 5.7 arcsec aperture centred on the pixel. Both 
source and background pixels are corrected, and the source 
counts are obtained by summing all corrected pixels within 
the source aperture minus the inferred summation of cor- 
rected background within the aperture. 

The time-dependent sensitivity degradation correction 
is identical to that applied to point sources. The same ze- 
ropoints and flux conversion factors are used for extended 
sources as for point sources. The magnitudes and fluxes 
quoted in the catalogue are integrated over the whole aper- 
ture, rather than provided per unit area. 

3.8 Astrometric correction 

The first step in obtaining sky coordinates for sources is to 
correct their raw detector coordinates f or image distortion s 
resulting from the optics and detector (|Mason et al.|[200ll ). 



Table 2. Source quality flags within the XMM-SUSS catalogue. 



Bit Quality issue 

Source lies over a bad pixel 

1 Source lies on or near a bright readout strip 

2 Source lies on or near a smoke ring 

3 Source lies on or near a diffraction spike 

4 Source is bright with col-loss-induced mod-8 noise 

5 Source lies within the central region of scattered light 

6 Source lies close to another bright object 

7 Source lies close to or over an image boundary 

8 Point source lies over an extended source 

9 Point source is too compact 



This distortion correction is stable with time and is stored 
in the Current Calibration File. After the distortion correc- 
tion the plate scale is linear, and the source positions on the 
detector are transformed into sky positions using the point- 
ing information recorded by the XMM-Newton star track- 
ers. The XMM-Newton attitude control system maintains 
closely the relative spacecraft pointing once it has settled 
after a slew between one science field and the next, and in 
the majority of cases spacecraft drift and jitter are small 
compared to the XMM-OM PSF. However, the absolute ac- 
curacy of the star trackers is a few arcsec, so a fine cor- 
rection to the aspect solution is performed during pipeline 
processing. Positions of detected sources are compa red to 
the USNO-Bl.O source catalogue (jMonet et al.ll2003l ) and a 
single linear correction in RA and Dec is converged upon 
for each image by source matching. No correction is made 
to the satellite position angle (and hence the rotation of the 
image) because tests indicate that such a correction is not 
required. A final aspect refinement is obtained by repeating 
the source matching after merging the source tables from 
the individual sub-exposures of an XMM-Newton observa- 
tion. After USNO-registration, the astrometry of individual 
objects detected in XMM-OM images is limited by system- 
atics in the distortio n map, which a re currently measured 
to be 0.7 arcsec rms l|Talaverall2"01ll '). A comparison of the 
XMM-SUSS catalogue positions with positions derived from 
external catalogues is given in Section [4.11 



3.9 Quality flagging 

Sources which are suspected to originate from an artifact 
of some kind, or for which the measurements are likely to 
be compromised in some way, are flagged as such during 
the construction of the catalogue. Table [2] lists the various 
quality flags which may be set during the processing. The 
flags are treated as bits in a binary number, so when they 
are set, bits 0,1,2,3,4,5,6,7,8,9 are equivalent to the integer 
numbers 1,2,4,8,16,32,64,128,256 and 512 respectively. For 
convenience the quality flags are recorded in the catalogue 
both as integer numbers (the sum of the bit values of the 
flags which are set) and as strings of true/false logical values. 
The meaning of these quality flags and criteria by which they 
are set are described briefly in the following subsections, 
with some more detailed criteria for flags 1-4 provided in 
Appendix B. We close this section with a few tips on the 
use of the flags. 
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3. 9. 1 Flag 0: bad pixel 

An object is flagged if the photometric aperture used to sum 
source counts includes any bad pixels, as recorded in the 
XMM-OM Current Calibration File, blank areas of image 
caused by telemetry dropouts, or isolated bright pixels. 

3.9.2 Flag 1: readout streak 

Readout streaks occur because there is no shutter to block 
incident photons during the short but finite time the CCD 
takes to readout. It is a negligible effect in sources with 
brightness within the useful dynamic range of the instru- 
ment, but readout streaks from saturated field sources will 
both contaminate neighbours situated along the same read- 
out column and cause spurious source detections. The cri- 
teria used to identify readout streaks are described in Ap- 
pendix B. Sources likely to be resulting from, or contami- 
nated by, readout streaks are flagged. 

3.9.3 Flag 2: smoke rmg 

Internal reflection of light within the detector window re- 
sults in an out of focus ghost image of each source which 
is displaced radially by the curved detector window. These 
artifacts are called smoke rings. Smoke rings from sources of 
brightness bounded within the effective dynamic range of the 
instrument contain negligible numbers of photons but they 
are noticeable artifacts in saturated sources. Any sources de- 
tected within 19 arcsec from the center of a potential smoke 
ring could be related to, or have their photometry compro- 
mised by, the smoke ring and are flagged as such. It should 
be noted that there are circumstances in which the source 
responsible for generating a smoke ring is outside the im- 
age in which the smoke ring occurs; such cases will not be 
flagged. 

3.9.4 Flag 3: diffraction spike 

The secondary mirror support vanes give rise to diffraction 
spikes in the brightest sources which provide undesirable im- 
age structure around neighbouring sources and generate spu- 
rious sources. Sources which are likely to lie close to diffrac- 
tion spikes are flagged. 

3.9.5 Flag 4-' bright source surrounded by 
coincidence-loss-induced modulo-8 pattern 

As explained in Section 12.11 sources with countrates ap- 
proaching 1 count per image-frame are subject to coinci- 
dence loss, which distorts the point spread function and 
gives rise to a modulo-8 pattern in the region surrounding 
the source. The morphologies of such sources cannot be re- 
covered, and hence they are flagged during the construction 
of the catalogue. At very high countrates coincidence loss 
leads to saturation and the photometry of sources cannot be 
recovered (see Section [2. 1|) . Occasionally, sources approach- 
ing saturation can lose counts due to integer wraparound 
in individual pixels of the raw data. Photometry of sources 
approaching the saturation limits should always be treated 
with caution. 



3.9.6 Flag 5: central enhanced region 

Scattered light from the detector chamfer leads to an annu- 
lar region of background in the centre of the held of view 
which is enhanced by more than a factor of 2 with respect 
to the background over the rest of the field of view. Sources 
within 1.25 arcmin of the instrument boresight are flagged. 
Note that the flag indicates that a source is within the re- 
gion corresponding to the central enhancement, whether or 
not the background level is large enough for the central en- 
hancement to have a signiflcant effect. 

3.9.7 Flag 6: close to bright source 

The structure around bright sources could lead to spuri- 
ous sources being detected. Any source within 33 arcsec 
of a source flagged as bright with coincidence-loss-induced 
modulo-8 structure (flag 4) is flagged as lying close to a 
bright source. 

3.9.8 Flag 7: image edge 

Photometry and astrometry will be compromised if a source 
is partly outside the imaged area. Sources for which any 
part of the photometric aperture lies outside the held of 
view (including the corners of the detector) are flagged. 

3.9.9 Flag 8: embedded within extended source (not used) 

Photometry of point sources is complicated if they overlap 
an extended source because both source and background 
aperture will include some contribution from the extended 
source. If any pixel of the photometric aperture of a point 
source is shared by an extended source then the point source 
is flagged. The flag-8 algorithm did not set this flag for any 
sources retained in the flnal, released catalogue, and hence 
the bit corresponding to flag 8 is, in practice, merely a place- 
holder. 

3.9.10 Flag 9: too compact 

Although the XMM-OM SAS processing checks the raw 
data for image bits which have been corrupted, artifacts are 
occasionally missed and sources are occasionally found in 
the reduced images which are too compact to be consistent 
with the XMM-OM point spread function. Such sources are 
flagged as they are likely to be spurious. 

3.9.11 Advice on using the fl,ags 

While we recommend that the user treat any quality-flagged 
source with caution, we offer here some practical advice on 
the use of the flags. Flag is in the majority of (though 
not all) cases benign because OMDETECT uses a relatively 
large area to compute the moments and photometry. Faint 
sources, and especially faint, extended sources with flags 1, 2 
and/or 5 are potentially spurious, but bright sources (signif- 
icance > 10) with these flags set are likely to be valid, and 
their properties robust. The central background enhance- 
ment is usually very weak in the UVM2 and UVW2 im- 
ages, so flag 5 is usually benign in these bandpasses even 
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for faint sources. The user should be wary of photometry, 
astrometry and morphology of sources with flag 6 or 7, re- 
gardless of source brightness. Photometry of sources with 
flag 4 set is usually good provided they are not approach- 
ing the coincidence-loss limits described in Section [2TT1 but 
morpological information for sources with flag 4 should not 
be trusted. Sources with flag 9 are potentially spurious, but 
this flag is rare (only 17 sources in the XMM-SUSS have flag 
9 set). 

3.10 Merging and concatenation of the sourcelists 

A sourcelist is generated for each individual XMM-OM 
imaging exposure. For each XMM-Newton observation, the 
sourcelists from all the XMM-OM exposures, which may in- 
clude multiple exposures through the same filter and/or ex- 
posures through different filters, are merged to form a single 
sourcelist for the observation using the SAS task OMSRCLIST- 
COMB. Objects are identified as being a single unique object 
if they are displaced by less than 2.0 arcsec, or 3 times the 
positional uncertainty, whichever is the larger. The resulting 
source lists have one row per source, and are the building 
blocks of the catalogue, which is formed from their concate- 
nation. The quantities listed in each source row (position, 
magnitude, etc) are average quantities from the measure- 
ments in individual exposures within the observation. Ob- 
jects which are identified in multiple XMM-Newton obser- 
vations will have multiple entries in the XMM-SUSS. These 
objects are allocated the same "SRCNUM" identifier in the 
catalogue if they are within 2 arcsec (point sources) or 3 arc- 
sec (extended sources) or if they are within 3 times the po- 
sition uncertainty, of each other. This final stage of concate- 
nating the source lists and matching sources between XMM- 
Newton observations is carried out using software written 
specifically for the XMM-SUSS, that does not form part 
of the XMM-Newton SAS. Almost all source matches are 
within 3 arcsec, because only 0.8 per cent of the sources 
have position uncertainties larger than one arcsec. The min- 
imum 2 or 3 arcsec matching radii are intended to account 
for systematics in the astrometry such as the slight under- 
sampling of the PSF by the image pixels, and uncertainties 
in the distortion correction (see Section |3.8|) . In extended 
sources, there is the additional issue that morphologies can 
be different in the different bands, leading to a small (but 
real) difference in the centroid position. 

Choosing a matching radius is a compromise between 
completeness in matching (which improves as the radius is 
increased) and minimising the number of spurious matches 
(which becomes more of a problem as the radius is in- 
creased). The matching radii were chosen, and the relia- 
bility of the matching process in the OMSRCLISTCOMB task 
was tested, using a combination of simulations and by vi- 
sual inspection of the matched sources in real XMM-OM 
sky images. In the simulations, a master source-list file was 
created with a given number of sources at a variety of sig- 
nificance levels. Using this master source list a number (up 
to 1000) of new source lists were generated that had a ran- 
dom fraction of the sources of the master source list, and 
for which each of the sources is displaced by a random po- 
sition error. A systematic offset was also introduced in each 
source list generated to simulate the pointing uncertainty. 
OMSRCLISTCOMB was then run with these source lists. The 



6 - 




-6 - 

-6 -4 -2 2 4 6 

Aa X coa{6) (arcsec) 

Figure 4. Using source correlations between the XMM-OM 
source tables and the USNO-Bl.O catalog, systematic corrections 
are applied to the recorded XMM-OM pointings and source po- 
sitions. The above plot summarizes the full sample of pointing 
offsets applied in both the RA (a) and Dec ((5) directions (red 
dots). The black cross is the mean correction and the blue circles 
represent 1-, 2- and S-cr deviations from the mean. 

merged source list it produced was compared to a cut-down 
version of the master source list, containing only sources 
which were used once or more in the generation of source 
lists with position errors. This testing verified the source 
matching, and that the algorithm worked well, including in 
crowded fields. 

At the end of the catalogue merging, each unique source 
is labelled with a unique source number ("SRCNUM") 
within the catalogue, so that each detection of the same 
source is labelled with the same SRCNUM. 

4 VALIDATION OF THE CATALOGUE 

In this section we describe the tests which were carried out 
to check the quality and reliability of the final catalogue. 

4.1 Astrometry 

The best-fit offsets derived from the astrometric correction 
process for the XMM-OM images (Section l3.8p are displayed 
in Fig. [l] The RMS dispersion of the offset distribution is 
1.81 arcsec and represents the characteristic absolute accu- 
racy of XMM-Newton pointing. The black cross in Fig. |4] 
represents the mean of the sample and it does not occur 
at the origin, indicative of a systematic offset in spacecraft 
pointing, (AacosS) = —0.36 arcsec and (A<5) — -1-0.50 arc- 
sec. 

The XMM-SUSS source catalogue includes an estimate 
of the 68 per cent statistical uncertainty in the position of 
each source. The uncertainties range from 0.05 arcsec to 2.57 
arcsec, with a mean position uncertainty of 0.68 arcsec; they 
do not include any systematic term, although systematics in 
the distortion correction a re known to lim it the positional 
uncertainty to 0.7 arcsec (jTalaverallioTl] ). The histogram 
in Fig. [5] shows the distribution of angular offsets between 
individual sources and their nearest USNO matches to a 
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Figure 5. The histogram shows the distribution of angular off- 
sets between all detected sources and their closest matches in the 
USNO-Bl.O catalogue. The red dashed line is the predicted off- 
set distribution obtained by summing the Rayleigh distributions 
corresponding to the distribution of position uncertainties. 



maximum of 5 arcseconds. If the positional uncertainties in 
X and y are Gaussian distributed, then we would predict the 
probability distribution for the offset to be a Rayleigh dis- 
tribution. The red dashed line in Fig. [5] shows the predicted 
distribution of offsets, computed as the sum of the Rayleigh 
distributions corresponding to the sources and their individ- 
ual positional uncertainties. The real distribution peaks at 
smaller offsets than the sum of the Rayleigh distributions, 
but has a tail of associations extending beyond 2 arcseconds. 
Investigation of sources within this tail shows that 40 per 
cent have quality flags 6 and/or 7, and so their positional 
accuracy is degraded because they are close to an image 
edge, or are affected by the modulo-8 distortion surrounding 
a bright source. Other likely contributors to the tail include 
residual systematics related to the distortion map, extended 
(and asymmetric) sources, for which the offset distribution 
is inherently non-Rayleigh. The XMM-SUSS sample reaches 
deeper magnitudes than USNO, so there will also be some 
contribution to this tail, particularly at the largest offsets, 
from XMM-SUSS sources which are not detected in USNO 
and so are spuriously matched to unrelated USNO sources. 
Overall, 68 per cent of the offsets are within 0.8 arcsec, and 
90 percent of the offsets are within 2 arcsec. 

As a further check on the XMM-SUSS astrometry, we 
have cross-checked it against the Gui de Star Catalogue ver- 
sion 2.3 (GSC2.3; iLasker et al]|2008l '). which is independent 
in the sense that it was not used in the astrometric cor- 
rection process. We have cross-matched all sources in the 
XMM-SUSS with the GSC2.3, taking the closest counter- 
part within a matching radius of 2 arcsec. Note that this 
cross match compares GSC positions to XMM-SUSS posi- 
tions after the XMM-SUSS astrometry has been corrected 
using USNO. We found GSC2.3 matches to 314,452 XMM- 
SUSS sources. We find an average right ascension residual 
(Aa) = 0.06 arcsec, with a scatter of 0.52 arcsec, while the 
average declination residual is (A(5) = 0.03 arcsec, with a 
scatter of 0.47 arcsec. The average of the residuals, in both 
components, is consistent with 0, indicating that there is no 
signiflcant systematic offset between the astrometry of the 
XMM-SUSS and the GSC2.3. 



4.2 Photometric accuracy 

Optical and UV zero-point and colou r trans f ormation cal- 
ibratio ns a re descri b ed in lAntokhinI (1200 ll ). iKirsch et al.l 
l|2004h and lTalaveral { 201 ll ). These are based upon observa- 
tions of white dwarf spectrophotometric standards from the 
International Ultraviolet Explorer (lUE; iFalker et"al]|l987l ) 
and Space Telescope Imagin g Spectrogra ph (STIS), stored 
in the CALSPEC database feohlinlbOOTl '). While there are 
no standard UV fields with which to verify independently 
the accuracy of this calibration, optical photometry can be 
compared against standard ground-based imaging of pho- 
tometric standard flelds. Fig. [6] compares XMM-OM pho- 
tometry obtained with th e XMM-SUSS pipeline software 
to the Stetson standards (IStetson|[2000l ) in the SA95 fleld 
(jLandoltl|l992l) ov er fou r mission epochs. Two-colour cor- 
rections ( Talaveral I2OIII I have been performed on the OM 
data t o adjust magnitudes to th e Johnson B and V band- 
passes (jjohnson fc Morg"anlll95ll ). Objects with quality flags 
have not been screened from Fig. |S] and are responsible for 
the obvious outliers. 

The XMM-OM and Johnson magnitudes are in good 
agreement; the median offsets between the XMM-OM and 
IStetsonI l^oO) photometry for the four epochs combined 
are 2 and 3 per cent in V and B bands respectively, and 
the median offsets obtained from the four epochs separately 
deviate from the overall medians by no more than 2 per 
cent. The stability of the comparison over the four epochs 
is testament to the accuracy of time-dependent adjustments 
made to the calibration in order to compensate for detector 
degradation. 

There is an absence of standard fields for photomet- 
ric verification of the UV zeropoints. As a rudimentary 
check on the UV photometry in the XMM-SUSS, we com- 
pare the XMM-SUS S sample against the GALEX Release 
6 (GR6) catalogue (|Morrissev et al.ll2007l ). Of the XMM- 
OM and GALEX passbands, the most similar pair is XMM- 
OM UVM2 and GALEX NUV (Fig. [l|, though we expect 
some offset and scatter in photometry betweeen the two 
bands because the GALEX NUV band is much broader than 
the XMM-OM UVM2. Sources were matched between the 
XMM-SUSS and GALEX samples using a cross-matching 
distance of 2.0 arcsec. This yields GALEX NUV magnitudes 
for 31 120 XMM-SUSS sources which are detected in UVM2 
and have no quality fiags. The comparison was restricted to 
objects for which the photometric uncertainty is less than 
0.05 magnitudes in both UVM2 and NUV bands to hmit the 
scatter introduced by photometric errors, reducing the sam- 
ple to 2 910 objects. The comparison between the GALEX 
and XMM-SUSS photometry is shown in Fig.[7l and shows a 
strong linear relationship between the two magnitudes over 
a wide magnitude range. We find a mean magnitude off- 
set of (UVM2as-NUVas) = -0.026 ± 0.006, though with 
significant scatter in the relation (the standard deviation is 
0.33), and the distribution is asymmetric, with a long tail 
of objects with large UVM2yis— NUVab colours; these are 
the outliers below the 1:1 line in Fig. [T] Inspection of these 
outlying objects shows that they are in crowded regions 
of the sky, sometimes in the outskirts of nearby galaxies, 
and are blends of multiple sources in the GALEX NUV im- 
ages. The median UVM2a_b— NUVas colour will be robust 
to these spurious outliers, and is only 0.1. The small offset 
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Figure 6. Comparison of XMM-OM and Stetson B and V source magnitudes in the Landolt standard field SA95. XMM-OM magnitudes 
have been colour-corrected to the Johnson filter system. Lower panels provide the difference between the two measurements. XMM-OM 
sources were detected over four separate epochs. Photometric outliers have been labelled with the quality flags which apply to them (see 
Section IM] and Table [g. 
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Figure 7. Comparison of XMM-OM UVM2 and GALEX NUV 
magnitudes. A good linear correlation between magnitudes in the 
two passbands is evident. The blue line corresponds to a 1;1 re- 
lation between UVM2 and NUV. 



between the median (or mean) \JYM2ab and NUVas mag- 
nitudes suggests good consistency between the XMM-SUSS 
and GALEX photometric systems. 
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Figure 8. A comparison of the median variance in photometric 
measurement, for sources observed 4 times or more, as a function 
of the mean measurement error ctm, in bins of 0.01 magnitude in 
ctm ■ Errors on the median were obtained by bootstrap resampling 
of the variance distribution in each bin. The red dashed line shows 
the expected variance given ctm- 



4.3 Photometric uncertainties 

A critical aspect of the catalog data is the statistical er- 
ror calculated for each photometric measurement. Many 
fields have been visited more than once by XMM-Newton, 
and repeated measurements of the same sources provide us 
with a cross-check on the statistical uncertainties given in 
the catalogue. For each filter, we collate the photometry 
for each source which has been detected in four or more 
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XMM-Newton observations with a mean significance of 10 
or more, and calculate the variance of the magnitude mea- 
surements using the usual equation for sample variance, in- 
cluding Bessel's correction. The significance cut, which is 
higher than that used for inclusion in the catalogue (see 
Section [33J, is included to prevent the detection limit from 
biasing the variancelf] For each of these sources, we also cal- 
culated the mean of the photometric uncertainties reported 
in the catalogue for the relevant filter. We then determined 
the median of the measured variances in 0.01 mag bins of 
mean photometric uncertainty. Errors on the median were 
obtained by bootstrap resampling of the variance distribu- 
tions. The median variances are shown for each filter in 
Fig. |8l The curve y = represents the expected variance, 
given the photometric uncertainty reported in the catalogue. 
Apart from a small excess of variance in the V band (equiv- 
alent to 0.02 mag additional photometric scatter), the mea- 
sured and predicted variances agree well in all filters at small 
photometric uncertainties [am < 0.05 mag). This suggests 
that systematic effects, including large scale sensitivity vari- 
ations over the face of the det ector, currently calibrated to 
be < 5 per cent (|Talaverall201ll l. actually contribute no more 
than a 2 per cent systematic error to the photometric re- 
peatability. For photometric uncertainties am > 0.1 mag, 
the median variances lie below the predicted curve, and rise 
more slowly with a-m than predicted. This suggests that for 
am > 0.1 mag the uncertainties reported in the catalogue are 
too-conservative (see Section[7|. To summarise, the accuracy 
of the photometry apears to follow the photometric uncer- 
tainty a,n as reported in the catalogue for am < 0.1 mag, 
while for am > 0.1 mag the photometric accuracy appears 
to be better than reported in the catalogue. 

4.4 Extended source parameterisation 

The XMM-SUSS catalog provides a measure of source ex- 
tent and profile on the sky. In these diagnostics, sources are 
represented crudely as two-dimensional elliptical Gaussian 
profiles with best-fit orientation of the major axis relative to 
celestial north. Major and minor axes are characterized by 
Full- Width Half-Maxima (FWHM), estimated from Gaus- 
sian moments. To test the accuracy of the source extent 
diagnostics, we compare the XMM-OM source profile prop- 
erties with those associated with opti cal counterparts w ithin 
the Sloan Digital Sky Survey fSDSS: lYork et al.ll2000l '). 

A cross-correlation o f XMM-SUSS and SDSS DR6 
lAdelman-McCarthv et al] [2008) tables, with a positional 
tolerance of 2 arcsec, yields 65 579 matches. The SDSS cat- 
alogue contains flags for source type, based upon empiri- 
cal properties. 33 143 sources are flagged in SDSS imag- 
ing as 'STAR' (i.e. point-like), and 30 629 are flagged as 
'GALAXY', i.e. extended sources which are not consistent 
with the seeing profile of the SDSS image. We segregate 
point-like sources from extended sources and plot XMM- 
OM U band magnitude against source extent along the ma- 
jor axis in Fig. [21 While not infallible, the SDSS classifica- 



° If such a threshold is not applied, the photometric variance for 
low-significance sources will be artificially reduced, because mea- 
surements which are scattered to the fainter magnitudes will be 
below the detection threshold and so excluded from the catalogue. 



tion is a good indication of which sources are point-like at 
the resolution of the XMM-SUSS. Fig. [9] provides confirma- 
tion that extended sources are being identified robustly by 
the SAS pipeline. Neglecting source- mismatches, the over- 
whelming majority of SDSS point-like sources have XMM- 
OM detections consistent with a constant FWHM of 2.2 
arcsec. Note that the difference between this FWHM and 
that given in Table [1] is a result of the 2x2 onboard bin- 
ning undersampling the image. There is an anti-correlation 
between galaxy extent and magnitude which is a selection 
effect where diffuse profile wings become increasingly diffi- 
cult to detect from fainter objects. 

The right hand panel of Fig. |9] compares XMM-OM 
U band extent along the major axis with the correspond- 
ing SDSS extent, represented by twice the recorded de 
Vaucouleurs-law scale radius in the u' band, for sources 
classified as extended in the SDSS. The XMM-OM U band 
and SDSS u' bands are chosen for this demonstration be- 
cause they are the filter bandpasses that most resemble each 
other. There are two families within this population. There 
is direct correlation between bright XMM-OM sources and 
their SDSS counterparts. However compared to the superior 
depth and angular resolution of the Sloan survey, the XMM- 
OM is less likely to detect the extended wings of weak (U 
> 21) sources, resulting in the second population of galax- 
ies, recorded as low-significance, point sources within the 
XMM-SUSS. 

4.5 Visual screening for quality control 

To validate the performance of the quality screening, we 
visually examined 654 exposures which were chosen at ran- 
dom from the observations used for the XMM-SUSS. Sources 
were noted which have quality issues but had evaded the 
appropriate quality flag, or which were erroneously flagged. 
Table [3] gives the fractions of sources flagged with the dif- 
ferent quality flags, together with the statistics for missed 
and erroneous quality flags derived from the visual examina- 
tion. The statistics provided in Table [3] should be regarded 
as indicative rather than definitive: only a small fraction 
of the XMM-SUSS sources have been examined, the visual 
screening is somewhat subjective, and the importance and 
incidence of the various quality issues depend quite strongly 
on filter. Nonetheless, with this caveat it is encouraging to 
note that in the screened images the maximum fraction of 
detections, for any quality flag, which was missed by quality 
flagging, or was erroneously flagged, is 0.2 per cent. 

4.6 Matching of sources between wavebands and 
observations 

Source confusion, where two (or more) sources occur close 
enough together on the sky that they are either blended, 
or mistakenly identifled as the same source, can be an im- 
portant issue in sky surveys. We estimated the fraction of 
sources for which the source matching may be complicated 
or compromised by the close proximity of another source, 
by searching the XMM-SUSS catalogue for counterparts at 
sky positions offset in declination by 30 arcsec from the 
real XMM-SUSS catalogue positions, using the matching 
radii used to cross-match sources selected in different XMM- 
Newton observations (Section I3.10|l . This is similar to the 
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Figure 9. Left panel - XMM-OM U band magnitudes of SDSS DR6 counterparts, plotted against XMM-OM U source extent along the 
major axis. SDSS sources flagged as point-like and extended are represented by different colours. Right panel - comparison of XMM-OM 
U band source extent with the counterpart SDSS scale diameter from fits with a de Vaucouleurs model. Colour represents XMM-OM U 
band magnitude. 



Table 3. Overall fractions of detections assigned the differ- 
ent quality flags (Section 13.91 1. The column labelled 'Detections 
missed in flagging' gives the fraction of source detections identi- 
fied in the visual screening which warranted (but lacked) a given 
fiag. The column labelled 'Detections erroneously flagged' gives 
the fraction of sources which were assigned quality flags which 
the visual screening indicated were not appropriate. No statistics 
are given for flag 8 because no sources have been set with this 
fiag in the catalogue. 



Flag 


Detections 


Detections 


Detections 




flagged 


missed in flagging 


erroneously flagged 




(per cent) 


(per cent) 


(per cent) 





1.1 


0.001 


0.0 


1 


7.0 


0.2 


0.06 


2 


2.6 


0.2 


0.04 


3 


0.2 


0.2 


0.01 


4 


1.8 


0.2 


0.06 


5 


2.3 


0.003 


0.0 


6 


1.5 


0.2 


0.005 


7 


8.2 


0.04 


0.0 


8 

9 


0.001 


0.0 


0.0 



method used bv lBianchi et al.l (|201lh to estimate the level of 
spurious matches between GALEX and SDSS sources. Over- 
all, we find that a counterpart is matched in 2.56 per cent of 
the random sky positions. We note that a significant fraction 
of these matches arise in the Galactic plane and Magellanic 
Clouds fields where the sky density is high. Restricting the 
estimate to Northern hemisphere fields with |6| > 20 deg, 
the fraction of random sky positions which are matched to 
a catalogue source drops to 1.0 per cent. From Section [4.11 
we see that the majority of offsets between the positions of 
the same sources in different XMM-OM images will be less 



than 1 arcsec, while matches to unrelated sources will be 
distributed uniformly over the source matching area, which 
is on average 16.5 arcsec^ in area, so that >80 per cent of the 
mis-matches will be at distances larger than 1 arcsec. Thus 
the actual number of mis-matches will be somewhat smaller 
than the frequency of matches to random sky positions, be- 
cause the matching algorithm used in the XMM-SUSS takes 
the most-likely counterpart, which will in the majority of the 
cases be the correct counterpart. Therefore at high Galactic 
latitudes and outside the Magellanic Clouds, the likelihood 
of two different XMM-OM sources being incorrectly associ- 
ated by the source matching algorithm is less than 0.5 per 
cent. 

In practice, because the point spread function of the 
XMM-OM is around 2 arcsec FWHM in the UV, source 
blending in the images is more of a problem than mis- 
matching at the merging stage. Indeed, only 0.05 per cent of 
the sources have a companion source in the catalogue within 
2 arcsec. With so few pairs at small separations there is little 
scope (or need) to clean the catalogue further by modifying 
the source-matching algorithm. Where more than one source 
contributes significantly to the flux in any one band, the 
source is likely to be flagged as extended in the XMM-SUSS. 
Selecting only point-sources is therefore likely to exclude the 
majority of blended sources. 



5 CATALOGUE CHARACTERISTICS 

In this section we examine the characteristics of the XMM- 
SUSS that pertain to its scientific use and provide some 
general properties of the stellar and extragalactic samples. 



© 2011 RAS, MNRAS OOO.IllMl 



14 M.J. Page et al. 



5.1 Source numbers and sky coverage 

There are 753 578 sources within the XMM-SUSS count- 
ing multiple detections within an XMM-Newton pointing 
as a single source. Taking into account detections of the 
same source during different pointings, the number of unique 
sources within the catalogue is 624 049. Each unique source 
within the catalogue is assigned a unique identifier (column 
"SRCNUM"), with which each entry of that source in the 
catalogue is labelled. Depending on filter, 6-9 per cent of 
the sources are identified as extended, with the U and B fil- 
ters having the largest fractions, perhaps because these two 
passbands have the highest effective areas, and are therefore 
the most sensitive to faint, extended emission. 

The 2 417 XMM-SUSS pointings are shown in Galactic 
coordinates in Fig. 1101 The size of the blue pointing sym- 
bols increase in radius and vary in hue as the number of UV 
sources per pointing increases. Mirroring the wide variety 
of scientific experiments performed by XMM-Newton for its 
Guest Observers, there are many observations at high Galac- 
tic latitude together with clusters of pointings along the 
Galactic plane, and towards the Magellanic Clouds. Galac- 
tic plane and Magellanic Cloud pointings have the largest 
source densities. 

Table |4] lists the total area of sky observed through 
each filter (taking into account overlapping observations), 
the fraction of observations which include each filter, and 
the number of source detections in each band. UVWl, which 
has the largest throughput of the UV bandpasses, is the de- 
fault filter for science programs which contain no optical 
or UV science goals beyond the serendipitous detection of 
field sources. Consequently, the largest sky area is covered 
by UVWl, and the largest number of UV source detections 
(618 266) are made in this band. Indeed, many sources are 
detected only in UVWl. 

The numbers of U, B and V sources are limited in Ta- 
ble |4] by the requirement that only those detected sources 
with UV counterparts are included within the catalogue. 
The source content in these filters are also significantly af- 
fected by the rejection of fields with > 10 000 source detec- 
tions in order to avoid crowding and confusion during fine- 
aspect correction and aperture photometry (Section 12. 2p . 
The effective area of XMM-OM peaks in the optical and so 
UBV data contain a larger fraction of crowded fields com- 
pared to the UV sample. As seen in Table [J] B and V obser- 
vations of the Magellanic Clouds in particular do not make 
this cut and do not appear within the catalog. One avenue 
for improving future data releases of the XMM-SUSS will be 
to improve the fidelity of automated crowded-field data re- 
duction. The fine UV imaging resolution of the XMM-OM is 
a great asset which will not be fully-exploited in the XMM- 
SUSS until all UBV counterparts can be incorporated within 
the catalog accurately. 



5.2 Magnitude and signal to noise distributions 

Fig. [TT] shows the detection significance distribution of all 
the good-quality sources contained within the catalog, by 
filter. The step-change in source numbers at lOo" is a con- 
sequence of the requirement that sources below this signifi- 
cance level have to pass an additional significance test with 
a smaller aperture for inclusion in the catalogue (Section 
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Figure 11. The normalized detection significance distributions 
of sources with no quaUty flags contained within the XMM-SUSS 
catalog, per fllter. A^src is the number of sources. 
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Figure 12. The normalized magnitude distributions of XMM- 
SUSS sources. Sources with quality flags are not included in the 
distributions, "i^g is the AB magnitude of sources and A'src the 
number of sources contained in each Am^g = 0.01 histogram 
bin. 

I3.5|l . The different shapes of the UV and optical distribu- 
tions in Fig. [TT] is a result of the requirement that sources 
must be detected in at least one UV band for inclusion in 
the catalogue. 

Fig. [12] shows the filter-dependent magnitude distribu- 
tions of sources within the XMM-SUSS. Only those sources 
with no quality flags are included and the distributions are 
normalized for better comparison. Unlike the sharp, artifi- 
cial cut-offs displayed by the UV source significance distri- 
butions at the low- brightness end (Fig. Ill[) . the UV faint- 
magnitude distributions cut off more gradually and this is 
the consequence both of non-uniform exposure lengths and 
time-variable background levels, resulting in a range of im- 
age depth. Magnitude completeness limits thus vary from 
field to field, but conservative limits at which all fields are 
essentially complete can be taken as the magnitudes that 
corresponding to a signal to noise ratio of 10 in an 800s 
exposure. Using this criterion, we estimate that the survey 
is complete in all fields down to AB magnitudes of m^g 
= 18.1, 18.8 and 19.4 in UVW2, UVM2 and UVWl re- 
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Figure 10. The pointing and source number content of the XMM-SUSS catalogue (blue circles) mapped onto a MoUweide equal area 
projection of the sky in Galactic longitude and latitude. Size and colour of the circles trace the total number of UV sources N in each 
pointin g, after sour ces in different filters have been matched. The colour im age in the background is the Infra-Red Astronomy Satellite 
aRAS: lcieE3ll98(t) 100/im all-sky map jSchlegel, Finkbeiner fc DavijlToQi'l . showing the dust associated with our Galaxy. 



Table 4. Sky coverage and source statistics for each of the six XMM-OM bandpasses included within the catalog. Q is the solid angle 
accumulated by each bandpass, A'^^q^ is the number of sources found with a detection significance > 3a and /obs fraction of 

XMM-SUSS pointings that include each bandpass. A^src is the number of unique sources detected, after repeat detections are accounted 
for. A^gal is the number of sources within ±5° of the Galactic plane, Aniag is the number of sources within a cone of radius 4° , centered 
around the Magellanic Clouds at I = 278°, b = —33°. A^j^j j^ is the number of objects at high Galactic latitude, |6| > 30°, excluding the 
Magellanic Cloud cone. 



Filter 


n (deg2) 


/obs (P*^!' =<5>^t) 


^tot 


Asrc 


^gal 


A^mag 




UVW2 


43.7 


15.9 


119 805 


96 814 


25 097 


50158 


24 439 


UVM2 


29.0 


19.3 


145 210 


120 510 


25 625 


53 208 


35 311 


UVWl 


54.0 


82.0 


618 266 


521 507 


124188 


71948 


199 934 


U 


21.6 


23.6 


177569 


146 329 


34 080 


4 887 


74 815 


B 


14.3 


10.8 


81191 


62 966 


8 738 





42 644 


V 


12.6 


10.4 


78160 


57498 


27 366 





23 073 



spectively. The AB magnitude distributions peak at much 
fainter magnitudes than these conservative limits: m^g — 
20.2, 20.9 and 21.2 in UVW2, UVM2 and UVWl respec- 
tively. For comparison, the GALEX All-sky Imaging Survey 
(AIS) reaches m^g = 19.9 and m^g = 20.8 in the FUV and 
NUV filters respectively, while the GALEX Medium Imag- 
ing Survey (MIS) reaches F UV and NUV depths of m^g — 
22.6 and 22.7, respectively (|Morrissev et al.ll2007l ). 

In Fig. [13] we show the distribution of magnitude un- 
certainties as a function of magnitude. The solid line in each 
plot gives the median uncertainty, while the dashed and dot- 
ted lines indicate the 68 and 95 per cent limits of the distri- 
bution at each magnitude. To a median uncertainty of 0.1 
mag, the UVWl and U bands probe the faintest AB mag- 
nitudes (19.9 and 20.0 mag respectively). The photometric 
uncertainties increase significantly to fainter magnitudes, al- 



though at the faintest magnitudes the reported uncertain- 
ties may be over- conservative (see Section [4. 3|) . At the very 
faintest magnitudes the shallowest (800-lOOOs) exposures no 
longer contribute any sources and the catalogue becomes 
dominated by sources which are detected in the longest ex- 
posures. As a result, a decrease in the median photometric 
uncertainty is seen in most bands at very faint magnitudes. 

5.3 Time sampling 

XMM-SUSS source properties can be sampled on three dis- 
tinctive time scales. Multiple exposures through a particular 
filter are often obtained during one pointing. Depending on 
the length of a spacecraft visit, they provide sampling on 
timescales typically between hours and a day. The longest 
observations are curtailed by radiation constraints at the 
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Figure 13. The distribution of magnitude uncertainties in the 
XMM-SUSS as a function of passband and magnitude. The solid 
black line shows the median error, the dashed red lines enclose 
68 per cent of the distribution, and the blue dotted lines 95 per 
cent. The distributions were calculated in bins of 0.1 magnitude. 
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Figure 14. Distribution of source re-detections during single 
pointings. A^exp is the number of images taken during a single 
pointing in which a particular source has been detected. A^src is 
the number of sources detected A^exp times. Objects which are 
detected only once, Nexp = 1, and sources with quality flags are 
excluded from the sample. 



perigee of the 48 hour spacecraft orbit and individual ex- 
posures are limited typically to durations < 5 ksec in order 
to avoid potential memory corruption after cosmic ray hits. 
Segregated by filter, Fig. [14] illustrates the number distri- 
bution of repeat detections within individual pointings. The 
differences between UV and optical distributions are a con- 
sequence of data selection, where only those optical sources 
with UV counterparts within the catalogue are selected for 
inclusion. Generally speaking, if a large number of U, B or 
V images are being obtained, then an observing strategy has 
been tailored by the investigator in order to monitor vari- 
ability in the optical bands, and no UV images will have been 
taken. For sources with multiple detections in the same filter 
within an XMM-Newton observation, XMM-SUSS contains 
the number of detections, the /'^ for a constant countrate 
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Figure 15. The number of sources A^src which are observed in 
multiple spacecraft pointings against the interval between the first 
and last detections of the source, Atp^(-, in units of years. Only 
sources without quality flags are included. 



fitted to the individual measurements {v is the number of de- 
grees of freedom in the fit), and the maximum deviation from 
the median countrate in units of sigma. These latter two 
measurements allow the selection and identification of time- 
variable sources in the catalogue. For a non-varying source, 
X^/i^ is expected to be approximately 1, while sources with 
significant variability will be inconsistent with the constant 
model, and so will have larger 'x^ jv. 

The second timescale for source sampling is of the order 
of days, and is due to observations which are repeated within 
a few XMM-Newton orbits, typically to build up exposure 
times which are longer than can be accomodated in a single 
orbit. The third timescale for source sampling is of the or- 
der of years, and is associated with re-pointings towards old 
fields, either serendipitously or as part of a monitoring pro- 
gram. Fig. [15] presents the number of sources detected dur- 
ing more than one pointed observation, and the number of 
pointings in which each source is detected, against the time 
interval covered by the pointings. The time domain for mul- 
tiple detections included in the catalog spans slightly over 
8 years. The biannual sampling apparent in Fig. [15] is the 
result of seasonal spacecraft pointing constraints, imposed 
by the need to maintain the sun angle normal to XMM- 
Newton's solar panels. 

The three variability timescales provide the means to 
search for a variety of source populations. For example, the 
short timescale is sensitive to accreting binaries and coronal 
flares in young stars. The long timescale is suitable for super- 
nova searches and active galaxy detection. Table [5] summa- 
rizes the total number of sources with temporal information 
provided within the XMM-SUSS catalog. 



5.4 Source colours 

For XMM-SUSS sources detected through three or more fil- 
ters we can produce colour-colour distributions. The two ex- 
amples presented in the upper panels of Fig. [16] display the 
UVW2-UVM2 vs UVM2-UVW1 plane and the U-B vs 
B— V plane, both with distinctive sample structure. No at- 
tempt has been made to de-redden or K-correct the colours 
for dust extinction or cosmological redshift. 
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Figure 16. Top panel: UV and optical colour-colour diagrams of XMM-SUSS sources. The density scales are logarithmic. Sources with 
quality flags have not been included in the distributions. Middle panel: UV and optical colours derived from ATLAS9 log (g) = 5.0, 
solar abundance stellar spectra models behind a family of Galactic dust columns where E (B—Y) = 0.0-1.0 and Rv = 3.08. The arrows 
indicate the direction of increasing stellar temperature along the tr acks, and spectral types a re indicated on the zero-reddening tracks. 
Bottom panel: galaxy colours from the E/SO evolutionary models of iRocca-Volmer angel lll98a) with a range of ages from 0.2 to 13.2 Gyr 
at redshifts of 0.0 < z < 0.5. Ages are indicated on the zero-redshift tracks. 
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Table 5. Counting statistics for sources detected in multiple im- 
ages. A^exp is the total number of sources detected in more than 
one exposure through a specific filter and during a single space- 
craft pointing, /exp is the fraction of sources detected more than 
once per pointing per filter. N^t^^ is the total number of sources 
detected multiple times during different spacecraft pointings. /Q]-,g 
is the fraction of unique sources detected during different point- 
ings. 



Filter JVexp /exp (per cent) A'obs /obs (P*''' '^^^^) 



UVW2 46,031 38.4 11,657 12.0 

UVM2 33,660 23.2 13,010 11.8 

UVWl 137,309 22.2 58,280 11.2 

U 24,627 13.9 18,625 12.7 

B 12,732 15.7 9,702 15.4 

V 1,724 15.0 12,022 20.9 



reddened G stars so Galactic extinction must be taken into 
account before identifying cool stars, but critically there is 
little degeneracy between the effects of dust extinction and 
the intrinsic colours of hot stars. 

The UV stellar loci shown in the middle panel of Fig. [16] 
are mirrored faithfully in the real catalogue shown in the top 
panel. The distribution of sources indicates that the bulk 
of the stellar population shown in this panel are stars of 
spectral-type G or earlier, with moderate interstellar red- 
dening (i5(B — V) < 0.3). This is not surprising, because 
XMM-SUSS sources must be detected in all 3 of the XMM- 
OM UV bandpasses to appear on the UV colour-colour di- 
agram. 

Predictably, the effects of dust extinction on the optical 
colours, where the extinction curve is featureless and the 
wings of the filters are not an important issue, are more 
simple. As the B— V colour excess increases, the U— B colour 
becomes more red. Clearly, owing to several knees in the 
stellar curve, there is more significant extinction degeneracy 
in optical colours than in UV colours in the region containing 
the majority of optical XMM-SUSS sources. 

5.4-2 Galaxy colours 

To examine the colours of galaxies in the XMM-OM band- 
passes we have used synthetic galax y spect ra from the tem- 
plate library of iRocca-Vo lmerange' (iQSs). The templates 
have an exponentially-declining st ar for mation l aw (the tem - 
plate family "UV-cold E/SO" in iRocca- Volmerangd (ligSSl )) 
and a range of ages from 0.2 to 13.2 Gyr, i.e. from strongly 
star-forming to old-star dominated. The spectra were red- 
shifted out to z = 0.5 in discrete steps and folded through 
the XMM-OM bandpasses. The synthetic tracks so produced 
are shown in the bottom panels of Fig. 1161 colour coded by 
redshift. 

In the UV colour-colour plot, the tracks correspond- 
ing to different redshifts have a larger extent in the 
UVM2-UVW1 colour than in UVW2-UVM2. They sep- 
arate at the red end of the sequence, but converge at the 
blue end: blue, star-forming galaxies at all redshifts out to 
z = 0.5 have UV colours UVM2-UVW1 ^ UVW2-UVM2 
~ 0. In the top-left panel of Fig. [16] it is seen that there 
is a dense cloud of XMM-SUSS sources, corresponding to 
blue, star-forming galaxies, at this location in the UV colour- 
colour plane. The association of this cloud with galaxies is 
confirmed when we note that 85 per cent of the sources in 
this plot, which are flagged as extended in UVWl, lie in this 
cloud, with UVM2-UVWK 1, while the majority of point- 
like sources have UVM2— UVW1> 1. However, it should be 
noted that the hot end of the stellar locus extends into this 
same region of the UV colour-colour plane as the galaxies, so 
that the UV colours alone cannot be used to separate stars 
and galaxies as r eliably as the combinations of UV and SDSS 
colours used by (jBianchi et al.ll2007l . [2oTl ). 

The optical colours of the synthetic galaxies evolve to- 
wards the top-left of the U— B vs B— V diagram in the inter- 
val 0.00 < z < 0.35 as the Balmer break moves through the 
B band. At redshifts z > 0.35 the Balmer break moves into 
the V band and the trend is reversed. The spur of XMM- 
SUSS sources in the top-right panel of Fig. [16] with U— B 
f» 0.7 and 0.5 <B--V< 1.0 suggests that many XMM-SUSS 
galaxies have z > 0.2. 



5.4-1 Stellar colours 

To examine the colours of stars in the XMM-OM bandpasses 
we make use of synthesized stellar spectra, computed from 
910-10 O OOA and binned to 20A, provid ed by the ATLAS9 
projec t (jCastelli fc Kuruc3 i2003'l using [Crevesse fc Sauvail 
l|l998l) abundances. In the middle panel of Fig. [16] we show 
the ATLAS9 log {g) = 5.0 stellar sequence, extinguished 
with a range of Galactic dust columns, and folded through 
the XMM-OM effective area curves (Fig. [T|. The minimum 
photospheric temperature represented is 3 000K, the hottest 
is 50 OOOK. We use the analytical approx imation to the 
Galactic dust extinction curve described byHil l| 19921 ') and 
characterize the dust columns by the colour excess E (B— V). 
The arrows indicate the approximate direction of increas- 
ing photospheric temperature along the tracks. In optical 
colours, the stellar tracks are easily understood with stars 
revealing ever-bluer colours, right-to-left and top-to-bottom 
as we travel from cool M to hot O stars. The UV colours 
reveal a different trend however: cool stars are located in 
the top left of the plot, with UVW2-UVM2 colours increas- 
ing (i.e. moving to the right) as temperature increases from 
M stars to hotter types before turning a corner at approx- 
imately solar spectral types. This cool-star trend is a con- 
sequence of them having negligible UV flux while the red 
wing of the UVW2 transmission curvj jl extends deep er into 
the optical bands than that of UVM2 (|Talaverall2oTll l. Gon- 
sequently more photons are collected from K and M stars 
through UVW2 than UVM2. 

UVM2— UVWl colours evolve monotonically towards 
larger values as dust extinction increases. UVW2— UVM2 
colours do not and there are two contributary factors to this. 
The first is that the broad 2 175 A graphite feature has most 
effect in the UVM2 band. Increasing extinction will deplete 
UVM2 photons faster than UVW2 photons. Secondly, cool 
stars emit very few photons in the UV bands. Those photons 
which are detected from M and K stars leak in through the 
red wings of the filters reponses, the UVW2 filter being more 
efficient than UVM2 in these wings. There is degeneracy in 
the UV colours between M dwarfs and for example highly 

Longward of 3 000A, both the UVW2 and UVM2 filters have 
< 0.1 per cent transmission, and hence their red tails are too 
weak to be seen in Fig. [T] 
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Figure 17. Distribution of SDSS piiotometric (orange) and spectroscopic (green) redsliifts of SDSS DR6 counterparts to XMM-SUSS 
sources. The histogram is sampled in bins of width Az = 2 xlO~^. The inset provides the photometric-to-spectroscopic distribution of 
sources where a redshift has been measured by both methods. 



5.5 Redshift distribution 

The redshift distribution of XMM-SUSS galaxies bears 
heavily on their utility for extragalactic science. The red- 
shift distribution can be obtained by cross-correlation of 
the XM M-SUSS with galaxies from the SDSS DR6 cat- 
alogue lAdelman-McCarthv et al] |2008| ). which includes 
many spectroscopic redshifts, and a much larger number 
of photometric redshifts. The catalogues were matched by 
searching for the nearest clean XMM-SUSS source within 
2 arcsec of an SDSS galaxy. The redshift distributions of 
XMM-OM sources with SDSS DR6 galaxies are shown in 
Fig. [171 It suggests that the majority of XMM-SUSS galax- 
ies have z < 0.4, but with a significant minority lying at 
0.4 < 2 < 0.8. The spectroscopic redshift limit aX z — 0.2 
is a systematic feature of the SDSS rather than intrinsic to 
the XMM-SUSS sample. It is not clear how accurate the 
SDSS photometric redshifts are for UV-selected sources at 
the sample limit of z ~ 0.8, although the correlation be- 
tween photometric and spectroscopic SDSS redshifts within 
the inset of Fig. [17] indicates that photometric redshifts can 
be trusted to within a few 10"^ over 0.0 < z < 0.25. 



5.6 Synergy with 2XMM 

As the XMM-OM data used to construct the XMM-SUSS 
were obtained simultaneously with X-ray imaging data from 
the European Pho t on Imaging Camera instruments (EPIC; 
[Turner et al1l200ll : IStriider et al.ll200lD the XMM-SUSS is 
a useful resource for studying the UV and optical proper- 
ties of X-ray sources. In this context, the 2XMM catalogue 
of X-ray sour ces detected serendipitously in EPIC images 
ijWatson et al.i ,2009') is the natural X-ray catalogue to pair 
with the XMM-SUSS and some results from matching the 



two c atalogues have already been published (jVagnetti et al.l 
I2OIOI ). 

The current version of XMM-SUSS does not contain 
cross-references to X-ray sources in 2XMM, so the user will 
have to carry out his or her own cross matching, the parame- 
ters of which will depend on the details of the scientific inves- 
tigation being carried out. To examine the potential sample 
size for joint 2XMM - XMM-SUSS studies, we have appUed 
a simple cross-match between 2XMM-DR3 catalogue and 
XMM-SUSS using a maximum distance of 5 arcsec. We ob- 
tain 14 275 matches, and we estimat^l that 90 per cent of 
these will be genuine associations. 



6 COMPARISON WITH OMCAT 

An alternative ca talogue of XMM-OM sources (OMCat, 
iKuntz et al.ll200"^ ). constructed and released independently 
of the XMM-SUSS, is available through the HEASARC and 
the Multimission Archive at STScI (MAST). Here we outUne 
the most important differences between XMM-SUSS and 
OMCat. 

In scope, the two catalogues differ significantly. The 
XMM-SUSS is a catalogue of UV-detected sources, i.e. it 
contains only sources detected in one or more of the UVWl, 
UVM2 and UVW2 bandpasses, whereas the OMCat is a cat- 
alogue of XMM-OM sources detected in any of the XMM- 
OM optical and UV bandpasses. The OMCat was con- 
structed using XMM-Newton observations available in the 



° We estimate the spurious match rate by cross matching the two 
catalogues at 5—10 arcsec offsets, noting that almost all genuine 
count erparts will be offset by less than 5 arcsec (iPineau et al.l 
l201l[) . 
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public archive on 1 September 2006, a somewhat earlier cut- 
off date than the XMM-SUSS bearing in mind the 1-year 
proprietary period. Obvious problem fields were screened 
out of the XMM-SUSS (Section [221), but were not excluded 
from the OMCat. The OMCat contains a larger total num- 
ber of sources (947 638) than the XMM-SUSS, but only 
around half as many UV-detected sources (364 741) as the 
XMM-SUSS. The increased number of UV sources in the 
XMM-SUSS relative to the OMCat partly resuhs from the 
expansion of the archive and partly from improvements in 
the source detection chain between the construction of OM- 
Cat and the XMM-SUSS: the peaks in the UV magnitude 
distributions of XMM-SUSS sources are more than half a 
magnitude fainter than those in OMCat. 

Both the XMM-SUSS and OMCat were generated pri- 
marily using the XMM-Newton SAS tasks to process XMM- 
OM imaging data. The OMCat was produced using the tasks 
in SAS version 6.5.0, whereas the XMM-SUSS was produced 
using the tasks in SAS version 8.0. Significant improvements 
were made between these two versions, in part driven by the 
requirements for the XMM-SUSS catalogue. These improve- 
ments include a more robust detection scheme for sources 
close to the limit of sky background, better discrimination 
between point-like and extended sources, correction for the 
time-dependent degradation of the XMM-OM sensitivity, 
more comprehensive quality flagging and a higher success 
rate (90 per cent) for reflned aspect corrections. Notably, 
for the construction of the OMCat a bespoke aspect correc- 
tion process was developed and employed to achieve accept- 
able astrometry in the catalogue. For the XMM-SUSS, no 
further aspect correction was required beyond the refined 
aspect corrections derived within the SAS version 8.0 pro- 
cessing. 



7 KNOWN ISSUES WITH THE XMM-SUSS 
AND PLANS FOR IMPROVEMENT 

We briefly describe a number of known problems and issues 
with the XMM-SUSS, and improvements we are planning for 
future versions of the catalogue. The XMM-OM instrument 
team intends to improve and enlarge the XMM-SUSS on a 
regular basis, depending on available resources. 



7.1 Very extended sources 

Very large extended sources which occupy a signiflcant frac- 
tion of the XMM-OM field of view (including for example 
M 31 and the Crab nebula), were not systematically screened 
from the input data for the XMM-SUSS. The XMM-OM 
source detection algorithm was not designed to deal with 
such large sources, which it treats as non-uniform back- 
ground, and a large fraction of the detected sources in these 
images are spurious. The resultant source lists are not, how- 
ever, crowded enough to be excluded from the catalogue 
by the source density criterion described in Section [2.21 We 
intend to screen such fields from future versions of the cat- 
alogue. 



7.2 Photometry of point and extended sources 

Sources which are marginally resolved may be identified in 
some observations as extended, but be classified as point- 
like in other observations. Because photometry is computed 
in a different manner for point and extended sources, this 
can lead to inconsistent photometry between observations, 
when a source is not intrinsically variable. We advise users 
of the catalogue to check that sources which appear to vary 
between observations have consistent morphological classifi- 
cations in the different observations before concluding that 
they are variable. In future versions of the catalogue, we in- 
tend to provide aperture photometry for all sources, in ad- 
dition to extended-source photometry for extended sources, 
to rectify this issue. 

7.3 Lower limits for non-detections are not 
provided 

In the present catalogue, when a source is not detected in 
a particular filter it is not possible to distinguish the cases 
in which the source is not detected because it is too faint 
in that filter, because no exposure was taken in that filter, 
or because the exposures in that filter were not used in the 
catalogue due to source crowding. Furthermore it would be 
useful to provide the specific background limit for sources 
which are not detected in some filters. However, the func- 
tionality to perform aperture photometry over the positions 
of these non-detected sources is not currently within the 
pipeline. This functionality is a desirable feature for future 
versions of the XMM-SUSS. 

7.4 Over-conservative photometric uncertainties 
at faint magnitudes 

As shown in Section 14.31 the photometric scatter obtained 
from multiple observations of sources falls below the mea- 
surement errors for measurement errors larger than 0.1 
mag in all filters, implying that photometric uncertainties 

> 0.1 mag reported in the catalogue are probably larger than 
the real photometric uncertainties. It follows that the vari- 
ability indicators jv amd maximum deviation in units 
of cr; columns 80-91, described in Appendix C) will be 
underestimated for objects which have photometric errors 

> 0.1 mag. We intend to diagnose and rectify this problem 
before the next release of the catalogue. 

7.5 Detections of the same source in different 
observations are sometimes not matched 

We are aware of some cases in which a single source has been 
detected in more than one XMM-Newton observation, but 
is treated as though it were more than one source within 
the catalogue (i.e. the different detections are assigned dif- 
ferent SRCNUM values) . The cause of this problem is under 
investigation. 

7.6 Accuracy of coincidence loss in extended 
sources is unquantified 

Corrections for coincidence loss are essential for photometry 
of bright sources. Using photometric standards the effect has 
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been well-calibrated in point sources, but the calibration has 
not been tested upon bright extended sources. This is rarely 
an issue for extended sources in the UV, because the coin- 
cidence loss correction is usually small, but for the optical 
pass bands it can be significant. Events from an extended 
source will have a different positional distribution compared 
to a point source, and hence the coincidence loss will differ. 
The coincidence-loss correction of extended sources there- 
fore comes with an unquantified systematic error. 

7.7 Area over which photometry is integrated for 
extended sources is not given 

Information on the area over which the fiux is integrated 
in extended-source photometry is not preserved in the cata- 
logue. Such information may be useful when comparing the 
XMM-OM photometry to photometry from other sources. 
As such, it would be advantageous to provide this informa- 
tion in a future version of the catalogue. 

7.8 Other planned improvements to future 
releases 

The current version of the XMM-SUSS was obtained by 
source-searching individual XMM-OM exposures and merg- 
ing the resulting source lists. Functionality to aspect-correct 
and stack the XMM-OM images prior to source detection 
has now been built into the XMM-OM SAS tasks, and will 
be used in future versions of the catalogue. Furthermore, a 
significant number of XMM-Newton observations have been 
performed since the cut-off date for the current XMM-SUSS 
catalogue. Substantial increases in both sky area and depth 
are therefore anticipated in the next version of the catalogue. 



8 CONCLUSIONS 

We have described the construction, validation, and charac- 
teristics of the XMM-SUSS, a catalogue of UV sources de- 
tected with the XMM-OM. The catalogue contains source 
positions and magnitudes in up to 6 UV and optical bands, 
profile diagnostics and variability statistics. The XMM- 
SUSS contains 753 578 UV source detections which, taking 
into account repeat observations of the same patches of sky, 
relate to 624 049 unique objects. Taking into account over- 
laps between XMM-Newton observations, the sky area cov- 
ered is 29-54 deg^ depending on UV filter. The catalogue 
includes observations at a wide range of Galactic latitudes, 
including the Galactic plane. In terms of depth, the cata- 
logue is typically deeper than the GALEX All-sky Imag- 
ing Survey: the AB magnitude distributions peak at m^^g 
= 20.2, 20.9 and 21.2 in UVW2, UVM2 and UVWl re- 
spectively. The magnitude limits are not uniform over the 
survey, depending on background level and exposure time. 
However, we estimate that all fields are complete for magni- 
tudes brighter than m^B = 18-1, 18.8 and 19.4 in UVW2, 
UVM2 and UVWl respectively. We show that the cata- 
logue is rich in early-type stars, and star-forming galaxies 
out to a redshift of 0.8. The catalogue has been extensively 
tested for quality in astrometry, photometry and reliabil- 
ity. The XMM-SUSS has significant potential for science 
based on temporal source variability on timescales of hours 



to years, because a large fraction of sources (38 per cent in 
UVW2, 23 per cent in UVM2 and 22 per cent in UVWl) 
have been observed multiple times through the same filter 
within an XMM-Newton pointing, and a significant fraction 
of sources (12 per cent in UVW2 and 11 per cent in UVM2 
and UVWl) have been detected in multiple XMM-Newton 
pointings. The XMM-SUSS catalogue provides a useful re- 
source for a wide range of scientific applicati ons, whether for 
statistical studies fe.g. IVaenetti et al.ll2O10l l. or simply as a 
convenient source of UV/optical pho tometry for small sam- 
ples of objects (e.g. Jin et ahl 2012h or in dividual sources 
(e.g. ISmith. Page fc Branduardi-Ravmontll2009il . 
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Figure Al. The top panel shows the completeness, defined by 
(number of matched test sources)/{number of test sources), of 
OMDETECT and SEXTRACTOR in trials with simulated XMM-OM 
images as a function of source significance. The lower panel shows 
the number of spurious sources detected per 1000 fields as a func- 
tion of source significance, from running OMDETECT and SEXTRAC- 
TOR on 3000 simulated source-free fields. 
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APPENDIX A: TESTING AND VALIDATION OF 
THE OMDETECT SOURCE DETECTION ALGO- 
RITHM 

A.l Tests of the source detection algorithm on sim- 
ulated images 

The performance of the OMDETECT source detection algo- 
rithm was tested extensively on simulated data during the 
development cycle leading up to the construction of the 
XMM-SUSS. To benchmark its performance, 100 simulated 
images were produced with random background levels be- 
tween and 200 counts per pixel and sources were placed at 
random positions on the image. Sources were either point- 
like, in which case the source was constructed using the 
XMM-OM empirical point-spread function for a given OM 
filter, or extended, in which case the source had a 2-d Gaus- 
sian profile with a random position angle. The brightness 
distribution of the sources was generated randomly to sim- 
ulate a true image. Each image had Poissonian noise added. 

The input test sources were matched with those de- 
tected by OMDETECT to form a list of the properties of 
matched and unmatched test sources. The output sources 
were then checked against the input sources to ensure that 
the source positions, count rates, extension flags, extended 
source widths and orientations are correctly recovered by 
OMDETECT. The simulation process was also used to check 



the detection completeness, defined by (number of matched 
test sources) / (number of test sources). The top panel of Fig. 
Al shows the completeness of OMDETECT derived from the 
simulations as a function of source significance. Compari- 
son of the input and recovered source lists indicate that the 
source detection algorithm is > 95 percent complete at a 
signal to noise level of 5, and 100 percent complete at a sig- 
nal to noise ratio of 10. As a measure of performance, the 
results we re compared to th ose obtained by running SEX- 
TRACTOR (|Bertin & Arnout"3 1996). with parameters tuned 
for the XMM-OM images, on the same simulated images. 
As can be seen in Fig. Al, the completeness of OMDETECT 
compares favourably with that of SEXTRACTOR. 

Tests of the source detection were also carried out on 
source-free simulated images to assess the level of spuri- 
ous sources. The results of applying OMDETECT and SEX- 
TRACTOR to 3000 simulated source-free images are shown 
in the lower panel of Fig. Al. Again, OMDETECT compares 
favourably with SEXTRACTOR. 

A. 2 Tests of the source detection algorithm on 
XMM-OM images 

Prior to the construction of the XMM-SUSS, OMDE- 
TECT and SEXTRACTOR were run on a large number of OM 
images, and the fidelity of the two source detection algo- 
rithms were visually examined by overlaying the detected 
source regions on the images and looking for missed, spuri- 
ous and misclassified sources. In agreement with the simu- 
lations, OMDETECT misses few sources, and those that are 
missed nearly always have low signal-to-noise ratios (<4) 
and are usually close to much brighter sources. In compar- 
ison, SEXTRACTOR generated significant numbers of spuri- 
ous sources in scattered light features and coincidence-loss- 
induced modulo-8 distortion around bright sources, and in 
images with very low backgrounds[f| 

In order to provide a more quantitative validation of 
the fidelity of the OMDETECT source detection algorithm 
against an independent reference set, its performance on a 
5 ksec B-filter exposure of the field centered on RA = 13^ 
34™ 40*^.19, Dec = -h37° 54/ 58//.9 (J2000) was compared 
to a deeper, independent source list. This particular field 
is the 13^ XMM-Newton/ Chandra Deep Field and the in- 
dependent source l ist w as obtained using SExtractor2.5.0 
ijBertin fc Arnotit^ Il996h from a Joh nson B exposure ob- 
tained by the 8-m Subaru telescope (jSevmour et al.ll2008l . 
Dwelly et al., in prep). The XMM-OM and Subaru images 
are shown in Fig. A2. The point spread function of the Sub- 
aru image has a full-width half-maximum of 0.87 arcsec and 
reaches to much fainter magnitudes than the XMM-OM im- 
age. The Subaru image covers a larger sky area than the 
XMM-OM image, so the Subaru source list was screened to 
remove objects that are outside the XMM-OM field-of-view. 
Sources were matched between the two catalogues using the 
simple criterion of nearest source within 3 arcseconds. 

The left hand panel of Fig. A3 compares the B magni- 
tudes of the XMM-OM sources with their nearest counter- 
parts in the Subaru list, while the right hand panel shows 
the magnitude distributions of the XMM-OM and Subaru 

^ It should be noted that SEXTRACTOR was not designed to cope 
with any of these image characteristics. 
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Figure A3. The left panel compares the B magnitudes of XMM-OM sources with their B Subaru counterparts. The Subaru filter is 
Johnson B, but the XMM-OM magnitudes have not been transformed to Johnson B because the accompanying XMM-OM data in U and 
V do not go sufficiently deep to facilitate this for the faintest sources. Sources have been matched between the two catalogues using the 
simple criteria of nearest source within 3 arcsec. Colour coding is a function of source extent on the sky, point sources are red, extended 
sources are blue. Error bars correspond to Icr confidence for the XMM-OM magnitudes. The right hand panel provides a histogram of 
XMM-OM and Subaru source magnitudes. 



source lists. Stars with Bab < 19 mag are not used in the 
photometry comparison because they are saturated in the 
Subaru image. The sources show a linear relation between 
Subaru and XMM-OM magnitudes; outliers at faint magni- 
tudes come primarily from mis-identifications arising from 
the simplistic cross-matching rather than photometric vari- 
ability. The Subaru and XMM-OM magnitude distributions 
indicate good detection consistency between the two instru- 
ments. All the Subaru objects with Bab < 19 are detected 
by OMDETECT in the XMM-OM image, although with dif- 
ferent magnitudes because of the saturation in the Subaru 
image. Furthermore, although there appears to be a small 
deficit of XMM-OM sources between 20.5 < Bab < 20.9, 
all of these Subaru objects are detected by OMDETECT, with 
slightly difi'erent magnitudes. The XMM-OM sourcelist is 
highly complete to Bab = 21.9, corresponding to a signal 
to noise ratio of 4.5 for compact sources. Comparison with 
the Subaru image indicates that the source detection pro- 
cess works well, and corroborates the high completeness lev- 
els obtained in the simulations described at the beginning 
of this section. 

APPENDIX B: CRITERIA USED FOR QUALITY 
FLAGS 1,2,3 AND 4 

Here we describe the criteria used in the XMM-SUSS 
pipeline to identify and fiag readout streaks (fiag 1), smoke 
rings (flag 2) , diffraction spikes (fiag 3) and coincidence-loss 
distorted sources (flag 4), as described in Section [3.91 

B.l Flag 1: readout streak 

Any point-source with a raw count-rate ^ 70 counts s"'^ or 
which is surrounded by coincidence-loss-induced mod-8 pat- 
tern (flag bit 4) is considered a potential source of a readout 
streak. Sources situated within a threshold distance of the 



potential readout streak are flagged. The threshold distance 
is 8 arcsec unless the read out streak is produced by a source 
with a count rate > 220 counts s"'^, in which case the thresh- 
old distance is set to 9.5 arcsec. The source responsible for a 
readout streak may not be located on the image because it 
may fall outside the data collection window. A further test 
is performed in these cases. The counts in a raw image are 
described by the array dj where i is the column number 
and j is the row number. Based on data screening, our cri- 
teria for a column containing a potential readout streak is 
provided by the six conditions dj > C^i-)s)j where k = —3, 
—2, —1, 1, 2, 3. If each crtierion is met individually over >60 
per cent of the pixel rows then any source situated within 19 
rows of the column are fiagged as occurring over a potential 
readout streak. 

B.2 Flag 2: smoke ring 

Sources containing raw count rates ^ 60 counts s~^ or 
surrounded by a coincidence-loss-induced modulo-8 pattern 
(flag bit 4) are considered generators of smoke-rings. A 
smoke ring is located approximately along a radial line from 
the field centre through the star which generates it. The 
smoke ring is displaced towards the field edge by an amount 
which is non-linear with off-axis angle. The location of each 
ring in the raw image pixels (isrjsr) is predicted using the 
following parameterization: 

isr = (Al + ic) + A2X -f Asy + AiX^ + A^y^ + Aexy (1) 
jsr = {Bi + jc) + B2X + Bay + B^x^ + Bsy'^ + B^xy (2) 

where (ic,Jc) = (1024.5,1024.5) is the center of the FOV, 
and {x,y) = (i* — ic,j* — jc)- The coefficients Ai,.,6 and 
Bi,.,6 were determined from a least squares fit to a random 
sample of 100 smoke rings, and are given in Table Bl. 
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Figure A2. The 13-hour XMM-Newton/ Chandra deep field. 
The top panel contains the XMM-OM B-filter image. The bright, 
circular region at the centre of the image is the central enhanced 
region referred to in Section 13.9.61 The bottom panel contains 
the corresponding Subaru B-filter image with the OM field of 
view (diamond) overlayed. The XMM-OM is not sensitive to 
sources outside of the overlayed circle, hence XMM-OM and Sub- 
aru source detection characteristics are based only on sources 
within the overlapping region of the circle and diamond. 

B.3 Flag 3: diffraction spike 

All catalogue objects with either raw count-rates ^ 70 
counts s~^ or flagged as being surrounded by a coincidence- 
loss-induced modulo-8 pattern (flag bit 4) have been tested 
for diffraction spikes. We compare source number densities 
"-box ''■iid rigpp, where nj^^^ is the density of objects with raw 
count rates < 5 counts s~^ within a box 70 x 70 arcsec'^ cen- 
tred on the bright source, and rigpj^^ is the average density of 



Table Bl. Coefficients for smoke ring locations. 



n A„ B, 



1 9.6950 -4.8165 

2 1.2052 5.0884 x ID"* 

3 1.1027x10-3 1.2071 

4 2.9117x10"^ -2.8810x10"'' 

5 1.8790x10-*^ 1.5490 X 10"'^ 

6 4.2437x10-'' -1.0783 x 10"'' 



objects with raw count rates < 5 counts s~^ within four rect- 
angular regions oriented radially away from the bright source 
in directions 45° , 135° , 225° and 315° of dimensions (10 x 52) 
arcsec^, starting 5 arcsec from the position of the bright 
source. These four rectangular regions correspond to the lo- 
cations of the putative diffraction spikes. If rigpj, > Sw^q-^, all 
detections < 5 arcsec from the diffraction spikes are flagged. 
Note that this algorithm will inevitably be less effective in 
crowded fields. 

B.4 Flag 4: bright source surrounded by coincidence- 
loss-induced modulo-8 pattern 

If the brightest pixel within a 4 arcsec x 4 arcsec box centered 
on a detection has a count rate > 10 counts s"^ then the 
object is fiagged as a bright source with surrounding mod- 
8 structure. If the brightest pixel has a count rate which 
is < 10 counts s"'^, but > 0.5 counts s"^ then the source 
undergoes a further test: a pattern search algorithm is per- 
formed on the regions 5 — 15 arcsecond to the left, right, 
above and below the source in raw image coordinates. The 
pattern search checks for a 10-arcsec-long column to the left 
or right of the source, or a 10-arcsec-long row above or below 
the source, which has all of its pixels lower in value than all 
of the pixels in one of the surrounding columns or rows. If 
such a pattern is identified in two or more of the four sides 
of the source, then the source is flagged. 

APPENDIX C: COLUMNS IN THE XMM-SUSS 
SOURCE TABLE 

The XMM-SUSS flts table contains two extensions. The 
flrst extension provides the source catalogue, and the sec- 
ond extension lists the XMM-Newton observations from 
which the catalogue was constructed. The column head- 
ings for the XMM-SUSS source catalogue table are listed 
in Table CI, and we now provide a brief description of the 
columns. Filter-specflc entries are set to 'NULL' for filters in 
which the source is not detected. Column 1 gives the source 
name in International Astronomical Union format. Columns 
2 and 3 refer to the XMM-Newton observation in which the 
source was found; column 2 is the corresponding row num- 
ber in the second extension of the fits file (which lists the 
XMM-Newton observations) and column 3 gives the 10 digit 
observation identification number (OBSID) of the observa- 
tion. Column 4 gives the source number within the merged 
source list deriving from that observation (this number is 
only unique to the source within the relevant XMM-Newton 
observation, not within the XMM-SUSS as a whole). Col- 
umn 5 is a unique reference number for the source within 
the XMM-SUSS. Columns 6-11 gives the distance in arcsec 
of the source to the nearest celestial source in the catalogue 
which is detected in the named filter. Note that as the cat- 
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alogue only contains sources which are detected in the UV, 
the nearest source in any filter must (also) have been de- 
tected in at least 1 UV band. Columns 12-15 give the right 
ascention and declination of the source in decimal and hex- 
agesimal formats. Column 16 gives the 1-a position uncer- 
tainty in arcsec. Columns 17 and 18 give the Galactic longi- 
tude and latitude in degrees. Column 19 gives the number 
of different XMM-Newton observations in which the source 
has been detected. Since a source is given a separate row 
for each XMM-Newton observation in which it is detected, 
column 19 also corresponds to the number of rows in which 
the source appears in the XMM-SUSS. Columns 20-25 give 
the number of exposures within the XMM-Newton observa- 
tion in which the source is detected in each filter. Columns 
26-31 give the detection significance of the source in each 
filter. Columns 32-43 give the count rates and uncertainties 
in each filter. Columns 44-55 give, for each filter, the flux 
density and uncertainty at the effective wavelength (Table 
[1} of the filter. Columns 56-67 give the AB magnitudes and 
errors, and columns 68-79 the Vega-based magnitudes and 
errors. Columns 80-91 give for each filter the X^/y value 
for a constant source countrate and the maximum deviation 
from the median countrate in terms of cr, for sources detected 
multiple times through the same filter, in the same XMM- 
Newton observation (see Section [5]3}. Columns 92-109 give, 
for each filter, the sizes of the major and minor axes of the 
source in arcsec and the position angle of the major axis. 
Columns 110-115 give the quality flags as integer numbers 
(derived from the sum of the flag bit values) for the different 
filters and columns 116-121 give the quality flags as strings 
of logical values corresponding to the flag bits (T and F 
when the flag is set or not set respectively). Columns 122- 
127 state whether the source appears to be pointlike (value 
0) or extended (value 1) in each of the fllters. 
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Table CI. Column 



Column number 


Column name 


1 


lAUNAME 


2 


N_SUMMARY 


3 


OBSID 


4 


SRCID 


5 


SRCNUM 


6 


UVW2_SRCDIST 


7 


UVM2_SRCDIST 


8 


UVWl-SRCDIST 


9 


U_SRCDIST 


10 


B_SRCDIST 


11 


V_SRCDIST 


12 


RA 


13 


DEC 


14 


RA_HMS 


15 


DEC-DMS 


16 


POSERR 


17 


LII 


18 


BII 


19 


N.OBSID 


20 


N_UVW2_EXP 


21 


N_UVM2_EXP 


22 


N_UVW1_EXP 


23 


N_U_EXP 


24 


N_B_EXP 


25 


N_V_EXP 


26 


UVW2_SIGNIF 


27 


UVM2_SIGNIF 


28 


UVWl.SIGNIF 


29 


U_SIGNIF 


30 


B_SIGNIF 


31 


V_SIGNIF 


32 


UVW2_RATE 


33 


UVW2_RATE_ERR 


34 


UVM2_RATE 


35 


UVM2_RATE_ERR 


36 


UVW1_RATE 


37 


UVW1_RATE_ERR 


38 


U_RATE 


39 


U_RATE_ERR 


40 


B_RATE 


41 


B_RATE_ERR 


42 


V_RATE 


43 


V_RATE_ERR 


44 


UVW2_AB_FLUX 


45 


UVW2_AB_FLUX_ERR 


46 


UVM2_AB_FLUX 


47 


UVM2_AB_FLUX_ERR 


48 


UVW1_AB_FLUX 


49 


UVW1_AB_FLUX_ERR 


50 


U_AB_FLUX 


51 


U_AB_FLUX_ERR 


52 


B_AB_FLUX 


53 


B_AB_FLUX_ERR 


54 


V AR FT.TIX 


55 


v.ab.fluxj:rr 


56 


UVW2.AB.MAG 


57 


UVW2.AB.MAGJ]RR 


58 


UVM2^B.MAG 


59 


UVM2^B.MAGJ]RR 


60 


UVW1.AB.MAG 


61 


UVW1.AB31AGJ]RR 


62 


U^B.MAG 


63 


UJ>lB.MAG.ERR 


64 


B^B.MAG 



in the XMM-SUSS table. 



Column number 


Coluinii n&mG 


65 


B_AB_MAG_ERR 


66 


V_AB_MAG 


67 


V_AB_MAG_ERR 


68 


UVW2_VEGA_MAG 


69 


UVW2_VEGA_MAG_ERR 


70 


UVM2_VEGA_MAG 


71 


UVM2_VEGA_MAG_ERR 


72 


UVW1_VEGA_MAG 


73 


UVW1_VEGA_MAG_ERR 


74 


U_VEGA_MAG 


75 


U_VEGA_MAG_ERR 


76 


B_VEGA_MAG 


77 


B_VEGA_MAG_ERR 


78 


V_VEGA_MAG 


79 


V_VEGA_MAG_ERR 


80 


UVW2_CHI2 


81 


UVW2_MAXDEV 


82 


UVM2_CHI2 


83 


UVM2_MAXDEV 


84 


UVW1_CHI2 


85 


UVW1_MAXDEV 


86 


U_CHI2 


87 


U_MAXDEV 


88 


B_CHI2 


89 


BJvIAXDEV 


90 


V_CHI2 


91 


V_MAXDEV 


92 


UVW2_MAJOR_AXIS 


93 


UVM2_MAJOR_AXIS 


94 


UVWl_MAJOR_AXIS 


95 


U_MAJOR_AXIS 


96 


B_MAJOR_AXIS 


97 


V_MAJOR_AXIS 


98 


UVW2_MINOR_AXIS 


99 


UVM2_MINOR_AXIS 


100 


UVWl_MINOR_AXIS 


101 


U_MINOR_AXIS 


102 


B_MINOR_AXIS 


103 


V_MINOR_AXIS 


104 


UVW2_POSANG 


105 


UVM2_POSANG 


106 


UVWl_POSANG 


107 


U_POSANG 


108 


B_POSANG 


109 


V.POSANG 


110 


UVW2_QUALITY_FLAG 


111 


UVM2_QUALITY_FLAG 


112 


UVW1_QUALITY_FLAG 


113 


U_QUALITY_FLAG 


114 


B_QUALITY_FLAG 


115 


V_QUALITY_FLAG 


116 


UVW2_QUALITY_FLAG_ST 


117 


TIVM2 OTIATJTY FT AG ST 


118 


UVW1.QUALITY.FLAG.ST 


119 


U.QUALITYJ^'LAG.ST 


120 


B.QUALITY.FLAG.ST 


121 


V.QUALITYJLAG.ST 


122 


UVW2.EXTENDED_FLAG 


123 


UVM2J:XTENDEDJLAG 


124 


UVW1.EXTENDED_FLAG 


125 


U.EXTENDED.FLAG 


126 


BJ]XTENDEDJLAG 


127 


V.EXTENDED.FLAG 
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